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“L’essenziale è invisibile agli occhi” ......... per 

questo io uso un microscopio. 

[Antoine de Saint-Exupéry] 
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Chapter 1: General Introduction  
Life began in an oxygen-free atmosphere (1,2). As a memory of those 

early days, most biochemical reactions occurring in the cytoplasm 

require reducing conditions. This is the reason why most cell free 

transcription and translation protocols require the addition of DTT. 

The appearance of oxygen on the planet, about 2.5 billion years ago, 

caused a revolution in most living species.  

 
Figure 1. The appearance of oxygen on Earth. The increase of oxygen in the 
atmosphere 2.4−2.1 billion years ago, commonly known as the Great Oxidation 
Event (GOE), is believed to lead to the emergence of earliest animals on Earth. On 
the other hand, oxygen toxicity is thought to exert evolutional pressure 
contributing to the diversification of animals. Organisms that could not 
accommodate to the challenge of oxygen toxicity evolved into anaerobes (adapted 
from Hong Z. et al., 2016). 
 

On the one hand, oxidants can cause damage to macromolecules. On 

the other hand, the steep redox gradients across the plasma 

membrane, and in eukaryotes between organelles, offer unique 

signalling possibilities. My thesis deals with the mechanisms that link 

redox and tyrosine kinase signalling pathways. 
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Redox homeostasis  

Owing to the hormetic properties of oxygen, essential yet toxic at 

high concentrations, cells must reach in order to balance between 

the need of oxidative species and the potential menace that they can 

represent. This delicate equilibrium is defined redox homeostasis 

(redoxtasis thereafter) and requires an intricate network of sensors 

and adaptive pathways. Indeed, redoxtasis has a fundamental role in 

every “breathing” organisms. This need for O2 obscures the fact that 

this precious gas is also a toxic mutagen. Organisms (such as obligate 

anaerobic) that were not able to cope and evolve with the new 

environment extinguished soon after the “great oxygenation event”.  

 

ROS  

Together with oxygen, its reactive species (ROS) appeared on Earth. 

These compounds are generated as by-product of the normal oxygen 

metabolism. In biomedicine, the most relevant species are hydrogen 

peroxide (H2O2), superoxide anion (O2
. -), hydroxyl radical (OH.) and 

peroxide (O2
.2-) (Fig. 1).  
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Figure 1. Electron structures of common 
reactive oxygen species. Each structure 
is provided with its name and chemical 
formula. The red dots represent an 
unpaired electron.   
  
ROS differ for reactivity, stability 

and specificity of action. The 

most reactive is peroxide (O2
.2-), 

followed by OH., H2O2, O2
.- and finally O2. Nonetheless, reactivity is 

not the sole determinant in biological processes. The stability of 

these compounds is also of paramount relevance. 

For example, OH. is the most labile ROS and has a very short diffusion 

coefficient. These characteristics significantly limit its capability of 

having selectivity and specificity on biological targets. On the other 

hand, H2O2 has opposite characteristics. As a consequence, H2O2 is 

the most abundant and stable ROS in cells. Moreover, being a 

weaker oxidant then OH., it has also much higher specificity of action 

in biological systems. All these features make H2O2 an optimal 

candidate for a role of second messenger. Indeed, it can interact with 

the active sites of kinases and phosphatases leading, respectively, to 

an activation or an inhibition of the target protein with huge 

pathophysiological consequences for cells and organisms (1-4).  
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ROS production and scavenging  

 As stated above, redoxtasis is an equilibrium between 

production and detoxification of ROS. Within cells, there are many 

enzymes that produce ROS as by-product, differing for localization, 

type of ROS produced, activity and regulation. These diversities 

reflect the different oxidative needs of cells in different 

compartments (Fig. 2). 

Figure 2. Various organelles 
within the cell can generate 
ROS. These include mitochon-
dria, the endoplasmic reticulu-
m and peroxisomes. In additi-
on, various enzymes, including 
oxidases and oxygenases, 
generate ROS as part of their 
enzymatic reaction cycles 

(adapted from Holmström & Finkel 2014). 
 

Peroxisomes 

 Peroxisomes are organelles in which several oxidation 

reactions occur, that lead to the formation of H2O2, as the name of 

the organelle suggest. The levels of H2O2 must be kept under strict 

surveillance because, as pointed out before, H2O2 is a dangerous 

molecule that can seriously damage cells. For this purpose, 

peroxisomes contain an enzyme called catalase, which decomposes 
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H2O2 generating water and oxygen (Fig. 3), impeding excessive H2O2 

leakage from this organelle (5).  

Figure 3. Typical reaction of a 
catalase enzyme in which H2O2 is 
detoxified in water and molecular 
oxygen. 

 

Mitochondria 

 Another very important site of ROS production are 

mitochondria. The main function of this organelle is to produce 

energy for cells, exploiting the conversion of carbohydrates and fatty 

acids into ATP through the process known as oxidative 

phosphorylation.  

Oxygen is consumed during physiological respiration and is 

converted into superoxide (O2.−), when electrons prematurely leak 

from the electron transport chain and are abnormally transferred to 

molecular oxygen (6). Moreover, the mitochondrial functions are 

very sensitive to oxidative damage and under certain metabolic or 

stress conditions, mitochondrial superoxide generation is further 

increased. This increase leads to a decreased ATP production, changes 

in Ca2+ homeostasis and increased mitochondrial membrane 

permeability. As a consequence, cells undergo apoptosis (7). 

 Not all the complexes of the mitochondrial respiratory chain 

produce ROS, the two main site of production of superoxide being 
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complex I and complex III (8, 9). In these organelles, redox 

homeostasis is maintained thanks to different enzymes. Superoxide 

from complex I is released into the matrix, whereas superoxide from 

complex III can be produced on either side of the inner membrane 

(10). Superoxide can then cross the outer membrane via a voltage-

dependent anion-selective channel (VDAC) or can be dismutated 

into H2O2 in the matrix by superoxide dismutase 2 (SOD2) or in the 

intermembrane space by SOD1 (11) (Fig. 4). H2O2 can then cross 

mitochondrial membranes (12, 13) (Fig. 4, dashed arrows). 

Alternatively, it can be detoxified by other mitochondrial enzymes, 

such as members of the glutathione peroxidase or peroxiredoxin 

families. In the cytosol, superoxide is converted by SOD1 into H2O2, 

which is further detoxified by the peroxisomal enzyme catalase. 

 

Figure 4. ROS production 
and detoxification through 
the process of oxidative 
phosphorylation by the 
electron transport chain in 
mitochondria (adapted 
from Phillip West A. et al., 
2011). 
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Mitochondrial ROS (mROS) have long been thought just as 

dangerous by-products of the respiratory chain. However, more and 

more evidences point out that they are essential for many biological 

processes. For instance, mROS are fundamental for the mechanisms 

that regulate insulin secretion (14).  

Therefore, we can say that mitochondria are prototype organelles to 

highlight the double edge effects that ROS can have inside cells, 

harmful if redox homeostasis is lost, but fundamental when it is 

strictly maintained. 

 

Endoplasmic reticulum 

 ROS have a crucial role also in the endoplasmic reticulum 

(ER), the organelle where oxidative protein folding occurs. In this 

process, disulphide bonds are formed between cysteine residues in 

nascent proteins (15). What drives this process is a redox power that 

allows cysteines, upon their oxidation, to form a disulphide bond. In 

mammalian cells, a number of different enzymes can provide the 

oxidative power for this process (Fig. 5). A central role in the process 

is played by protein disulphide isomerase (PDI). In its oxidised form 

this multifunctional enzyme can catalyse the formation of a 

disulphide bond. Once the disulphide is formed PDI must be re-

oxidised to begin a new cycle. This process is overseen by ER 
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oxidoreductase 1 (Ero1), a flavoprotein that is then reduced 

(Ero1red). Ero1red is then oxidised back by molecular oxygen and this 

reaction produces a molecule of H2O2 per disulphide bond formed.  

Figure 5. Schematic view of 
oxidative folding in the ER. 
Highlighted here the PDI-ERO 
cycle, fundamental to sustain 
disulphide bonds formation 
in the ER off nascent proteins 
but detrimental because of 
the formation of hydrogen 
peroxide as by-product. 

 
This equation has consequences that at first sight could be 

surprising. Imagine plasma cells, the factories responsible for the 

production of antibodies in our body. Considering that a single 

plasma cell produces 103 IgM molecules per second, each of which 

contains 102 disulphide bonds, it follows that 105 H2O2 molecules are 

generated in the ER each second (16). Similar figures are reached in 

beta cells of the pancreas during insulin production. Therefore, it is 

obvious that the ER must be equipped with great anti-oxidant 

capacity, allowing it to recycle or detoxify the huge amount of H2O2 

produced during these multiple cycles. Thus ER is able to maintain 

redox homeostasis and avoid the activation of maladaptive 

pathways that could lead to cell death (17).  

 Two types of ER-resident antioxidant enzymes are important 

in maintaining H2O2 levels under control: glutathione peroxidases 
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(GPX7 and GPX8) (18) and peroxiredoxins (PRX4) (19). They have two 

major roles: i) reducing H2O2 to water, which lead to their oxidation, 

and ii) transferring their oxidizing power to PDI, hence improving the 

capacity of the oxidative folding machinery. Therefore, also in the ER 

H2O2 as a Janus-like effect. Generated as a potentially harmful by-

product of oxidative folding, it can boost disulphide bond formation 

increasing the overall folding capacity of the ER.  

Prx4, GPx7 and GPx8 reside in the ER, where in addition to PDI over 

twenty other oxidoreductases reside, to satisfy a diverse secretome 

in the need of forming the proper array of disulphide bonds. It is of 

fundamental importance therefore that non-native disulphides are 

isomerized, or reduced to facilitate the destruction of terminally 

misfolded proteins. The search for the source of the reducing power 

that in the ER limits the activity of Ero1 and other oxidases is still 

open. Recent data (20) suggest a role for thioredoxin reductase 

(TrxR) though it remains to be explained how this protein - that lacks 

a leader sequence - negotiates entry into the ER. A plethora of PRX 

and GPX enzymes reside in the cytosol and other organelles, where 

disulphide bond formation is rare and often linked to signalling (that 

needs to be transient) or aggregation (that cells seek to prevent). 

Prompt reduction of oxidised Prx and GPx is mediated by thioredoxin 

Trx and TrxR (21). The ultimate reducing power is provided by 

NADPH. 
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Plasma membrane  

 Also on the plasma membrane there are enzymes that 

produce ROS. These belong to the NADPH oxidases (NOX) family. 

These enzymes are peculiar, in the sense that they generate 

superoxide/peroxide as their main products and not as by-product 

as in many other flavoproteins (22). Their prototype is PhOx, also 

dubbed NOX2 in the latest nomenclature. This Phagocytic Oxidase is 

designed to release abundant peroxide in phagosomes so as to kill 

pathogens. It is hence recruited onto the phagosomes membrane 

and activated with myeloperoxidase, which uses peroxides to form 

hypochloric acid. Not surprisingly, NOX2 deficient individuals suffer 

from a severe immune deficiency, called Chronic granulomatous 

disease and characterized by recurrent bacterial infections (23, 24). 

Besides their antibacterial activities, NOXes have been linked with 

the generation of ROS as important signalling molecules in 

angiogenesis, inner ear development, and insulin signalling (25). 

Indeed, NOXes could often be coupled with a tyrosine kinase 

receptor (TKR) and, after TKR activation, they start producing O2
.- 

in the extracellular space, which is converted in H2O2 by SOD 

enzymes outside the cells. H2O2 can finally enter into cell to exerts 

its biological role and amplify signalling pathways downstream the 
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receptor to which NOX is coupled to promote cell growth and/or 

differentiation (25, 26) (Fig. 6). 

Figure 6. Cartoon representing 
the pathway that links TKRs and 
NOXes. Activation of TKR by its 
ligand, lead to the production of 
superoxide anion from a NOX 
that is rapidly converted to H2O2 
by SOD enzymes in the 
extracellular space. Finally, 
NOX-derived H2O2 can enter 
into cells and exerts its 
physiological functions. In green 
growth-positive effects and in 
red growth-negative effects. 

 

Hydrogen peroxide: physiological relevance 

ROS, and in particular H2O2, are like an atomic reactor, very powerful 

and useful but only if maintained under tight control. As described 

above, H2O2 can inhibit protein phosphatases and activate protein 

kinases thus amplifying signalling pathways to stimulate cell 

proliferation (25, 27), differentiation (28), migration (29), or 

apoptosis (30, 31). But H2O2 must not react randomly with every 

molecule otherwise all the pathways would be active at the same 

time causing a sort of cellular atomic fallout. In this view, it is 

important to notice that most H2O2 sensitive proteins must contain 
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deprotonated cysteine residues (with a low pKa) enabling specific 

H2O2-targeting. H2O2 is unable to react with protonated cysteines. 

Thus, deprotonated thiol groups are utilized as reactive species in 

the catalytic mechanisms of a multitude of enzymes, rendering many 

of them susceptible to regulation by oxidation. Indeed, exposure to 

ROS leads to reversible oxidation of thiol groups of key cysteine 

residues in many proteins, including transcriptional regulators, 

kinases, phosphatases, structural proteins and metabolic enzymes.  

 Many efficient mechanisms evolved to confer specificity to 

redox signalling pathways precisely channelling H2O2 functions to 

select targets.  

 First, different H2O2 concentrations can activate 

preferentially one or another pathway: for example, it has been 

demonstrated that different patterns of p53-regulated gene 

expression are initiated in response to different levels of H2O2. 

Antioxidants are induced in response to low levels, further 

decreasing the oxidative burden and hence protecting the cell from 

DNA damage. In contrast, higher levels of H2O2, generated for 

example in stress conditions, stimulate the expression of pro-

oxidants important for apoptosis induction (32). The induction of 

apoptosis is a defence mechanism which will eliminate cells that 

have potentially lost their genome stability because of the presence 

of high ROS levels with the risk of developing malignant mutations. 
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Incidentally, this dual response is one of the main hurdles 

encountered so far in the educated design of anticancer therapies 

targeting oxidant/antioxidant pathways. 

 Second, cells can localize or de-localize H2O2 targets and/or 

scavengers in proximity of the site of production to regulate the 

initiation, duration and intensity of signalling. A remarkable example 

of this strategy is the localized inactivation of Prx1 that allows for the 

transient accumulation of H2O2 near the activated tyrosine kinases, 

where signalling components are concentrated, while preventing the 

toxic H2O2 accumulation elsewhere (33). Similarly, Haj et al. (34) 

demonstrated that the activated EGFR is internalized and 

transported by vesicles near the ER, where PTP1B dephosphorylates 

it. The catalytic activity of PTP is dependent on a reduced cysteine 

residue in its active site, that is extremely susceptible to oxidation by 

H2O2 (35). Targeting EGFR towards the ER has an explanation in the 

localization of Nox4 in the ER. Thus, NOX4 produces H2O2 that 

extends the duration of EGFR signalling by PTP1B oxidation, but only 

when EGFR, NOX4 and PTP1B colocalize in a discrete part of the cell, 

namely the cytoplasmic face of the ER. 

 Third, it is now clear, also thank to my work, that H2O2 cannot 

freely diffuse across membranes at physiological concentration (13, 

36, 37), but rather requires the presence of specific channels. 

Indeed, increasing evidences indicate that members of the 
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aquaporins (AQP) family could have this kind of function. As I will 

discuss in great detail below, my work contributed to reveal that the 

regulation of AQP8-dependent H2O2 transport across the plasma 

membrane provides yet another layer of spatial/temporal control of 

signalling.  

 

AQPs 

AQPs family 

 Peter Agre was awarded the 2003 Nobel prize in Chemistry 

for the discovery of a protein that increases membrane permeability 

to water (38). Before this fundamental contribution in 1992, water 

was thought to freely cross biological membranes. This protein was 

the first member of the aquaporin family, and was hence named 

aquaporin 1 (AQP1).  

 AQPs are membrane channels containing six transmembrane 

domains connected by 5 loops and two termini protruding into the 

cytosol. Two loops contain the conserved asparagine-proline-alanine 

(NPA) signature motif or minor variations thereof (Fig. 7).  
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Figure 7.  Predicted 
tertiary structure of an 
AQP8 monomer. AQP8 
monomer is formed by six 
transmembrane domains 
that are organised 
creating a channel that 
allows the bidirectional 
flux of solutes. 
 

AQPs have a molecular weight between 20kDa and 40kDa and form 

tetramers within biological membranes (39). Each monomer in a 

tetramer is functional (Fig. 8), and contains a narrow hydrophilic 

channel that selectively exclude charged ions as well as large solutes. 

In all cases, the gate allows the passage of water.  

Figure 8. Predicted quarternary 
structure of AQP8. Each tetramer 
is formed by 4 functional identical 
monomers. The function of the 
putative central pore is still poorly 
understood. 
 

Other isoforms can transport 

one or more of the following 

compounds: glycerol, lactic 

acid, acetic acid, nitric acid, hydroxylated metalloid acids, CO2, 

ammonia, urea and H2O2 (39). The human genome encodes 13 AQP 

genes, with different localization and transport selectivity. 
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Interestingly, plants have over 70 AQP isoforms, reflecting the need 

for uptaking and transporting a vast array of substances (Table 1). 

Table 1. Patterns of expression and solutes transported (different than water) of 
the 13 mammalian AQPs (The Human Protein Atlas). 
  

Over the last two decades, the diversity and phylogeny of AQPs was 

elucidated (40), crystal structures for some members of the family 

were revealed (41, 42), and questions such as subcellular localization 

of AQPs, their spatial and temporal expression patterns and 

regulation addressed (43). Moreover, it has also been elucidated the 

role of individual residues for pore selectivity, transport capability, 

gating and posttranslational modifications (44) and the 

consequences of post-translational modifications and 
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heteromerization (in plant AQPs) on the functional- and trafficking-

regulation (43, 45, 46). 

 

AQPs-mediated H2O2 transport 

 The studies of H2O2 transport followed the same steps as it 

was a decade before for water. Biophysical measurements 

established that i) H2O2 does not freely diffuse across membranes 

(though the permeability is quite high), ii) huge differences in H2O2 

membrane permeability exist amongst cell types and iii) H2O2 

membrane permeability could be inhibited with AQP blockers, first 

chemical such as mercurial compounds (47, 48) and then genetic, like 

diseases or experimental silencing assays.   

 Despite all these experimental evidences and, as described 

above, the necessity for several metabolic and signalling pathways 

to tight and fast regulate H2O2 fluxes to gain physiological 

effectiveness, the dogma long remained that H2O2 crosses 

membranes via passive diffusion. Moreover, many studies to directly 

prove the existence of a H2O2 transporter were hampered by the 

presence of efficient H2O2 decomposing enzymes in living cells and 

the lack of robust assays to measure H2O2 which become available 

only recently.  

 Nonetheless, Henzler and Steudle were the first to 

hypothesize the existence of channels that can facilitate the 
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transport of H2O2 (49). Comparing the permeability and reflection 

coefficients of water and H2O2 the authors suggested that the two 

uses partially the same path(s) to cross membranes. Accordingly, 

mercury chloride, a well-established AQPs inhibitor, reduced the 

permeability coefficient for H2O2 that was then rescued by a 

treatment with 2-mercaptoethanol (49). This was another evidence 

pointing to the existence of special aquaporin(s), also called 

peroxiporins, that can facilitate H2O2 transport.  

 The first actual evidence that specific AQPs can transport 

H2O2 came in 2007 when Bienert et al. demonstrated that human 

AQP8 can facilitate H2O2 entry in yeast cells (36). A huge decrease in 

yeast growth-rates and survival was observed and correlated not 

only with the amount of H2O2 added in the culture medium, but also 

with the presence or absence of AQP8 (or other plant AQPs that were 

suspected to transport H2O2). 

 More direct methods were then used to confirm and 

compare the transport ability of the peroxiporins identified with 

toxicity assays. Yeast cells were loaded with a H2O2 sensitive dye and 

the kinetics of fluorescence emission changes were monitored and 

quantified after exposure to H2O2. As anticipated, the signal 

increased significantly only in cells that were transformed with 

hAQP8 and not with an empty vector confirming the role of specific 

AQPs in facilitating H2O2 uptake. Altogether these experiments 
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provided convincing evidences demonstrating an AQP-mediated 

H2O2 transport (36). 

 Thereafter, yeast growth and survival assays in combination 

with H2O2 optical detection assays were used to quantitatively assess 

whether and which AQPs are permeable to H2O2 (39).  

 

Mammalian AQPs in their physiological context 

 Once it was accepted that AQPs increase membrane 

permeability to H2O2 and the latter is a key signalling molecule, 

several studies in mammalian cell systems followed promptly to 

demonstrate that i) AQPs facilitate transmembrane H2O2 diffusion in 

their native expression contexts, ii) AQP-mediated H2O2 transport is 

of physiological relevance and iii) it can be regulated. These were 

made possible largely thanks to the development of specific H2O2 

probes of improved specificity, faster kinetics and predetermined 

subcellular localization, of either chemical nature, as in the case of 

boronate-based fluorescent dyes (50) or genetically encoded fusion 

proteins between bacterial OxyR and a permutated fluorescent 

protein (HyPer and variants thereof; (51, 52)). Using these 

technologies, it was possible to establish that AQP-mediated import 

of NOX-produced H2O2 has an important role amplifying diverse 

signal transduction cascades (Fig. 6), as detailed below. 
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AQP3 

 The first AQP demonstrated to transport H2O2 in mammalian 

cells was AQP3 (37). AQP3-overexpressing human embryonic kidney 

293 (HEK293) cells which were loaded with a with chemical or 

genetically encoded optical sensors, responded with a significant 

higher fluorescent signal emission upon exposure to H2O2 than 

untrasfected cells (37). Importantly, modifying AQP3 expression 

altered downstream intracellular H2O2 signalling. Thus, knockdown 

of hAQP3 expression using a specific shRNA decreased the influx of 

H2O2 upon extracellular application or after epidermal growth factor 

(EGF)-stimulated production. Simultaneously, downstream 

serine/threonine kinase AKT/protein kinase B phosphorylation 

circuits were reduced, implying that AQP3-mediated H2O2 import is 

important for intracellular redox signalling (37). 

 After this first finding, AQP3 it has been demonstrated to be 

involved also in chemokine-dependent T lymphocyte migration 

during immune responses in mice (53), in regulation migration of 

two breast cancer lines (54) and in modulating psoriasis (55) and 

scleroderma (56) pathogenesis. It has also been reported that AQP3 

knockdown reduces spontaneous metastasis in xenografts (54). 

Importantly de-regulation of intestinal H2O2 levels has been clinically 

connected to early-onset of inflammatory bowel disease and colon 
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cancer. In this context, it was hypothesized that intestinal H2O2 

transport across the cell membrane depends on AQP3 (57). These 

results leave little doubt that AQP3-dependent H2O2 transport 

impacts signalling. 

 

AQP8  

 As described above, AQP8 facilitates H2O2 diffusion across 

membranes in heterologous expression systems (36). The 

physiological importance of AQP8 in the transduction of H2O2 signals 

across the plasma membrane was demonstrated in human and 

murine cells (13, 58). My work contributed to show that AQP8 is an 

efficient peroxiporin. Accordingly, hAQP8-silencing diminished H2O2 

entry and dampened EGF signalling. The presence of catalase in the 

extracellular space phenocopied AQP8 silencing, implying that H2O2 

generated in response to EGF was produced in the outer leaflet of 

the plasma membrane, hence accessible to the scavenger and 

needing to cross a lipid bilayer to promote signalling (13). Other 

members of the lab then showed that AQP8 is essential to import 

H2O2 generated by NOX2 upon B cell receptor cross-linking, signal 

amplification being necessary for B cell activation and plasma cell 

differentiation (58). 
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The involvement of AQP in signalling cascades was clear also in 

human acute leukaemia cells (59). When AQP8 expression was 

positively or negatively modulated, downstream signalling was 

increased or decreased, respectively. Thus, AQP8-mediated H2O2 

transport affects signalling and cell proliferation (59). The 

biochemical consequences of this pathway were investigated also in 

B1647 cells that constitutively produce vascular endothelial growth 

factor (VEGF) where AQP8 expression levels were shown to influence 

the VEGF-induced oxidation of target proteins (60).  

Taken together, these examples show that AQP8 can fine-tune 

cysteine modifications of proteins, modulating intracellular 

signalling pathways. 

 

Transport across the membranes of organelles  

 Since AQP8 begins its folding schedule in the ER, it is not 

surprising that downregulation of the channel also had an impact on 

H2O2 transport across the membrane of this organelle (13). 

Considering that there are proteins that release H2O2 in the ER and, 

by doing that, they can oxidise and modulate the activity of 

cytoplasmic enzymes such as PTP1B (61), it is conceivable that 

peroxiporin-mediated ER H2O2 channelling be also used to provide 

specificity to inter-organelle redox signalling (62).  



31 
 
 

AQP9  

 A reverse genetic approach using cell model systems (CHO-

K1 and HepG2 cells) and AQP9 knock-out mice have recently 

implicated AQP9 as an H2O2 transporter in vivo suggesting that -like 

AQP3 and AQP8- also this channel might control physiologically 

important transmembrane H2O2 fluxes (63). 

All these findings highlighted here are just few pieces of a bigger 

puzzle underlining the various roles that AQPs play in regulating H2O2 

and other solutes transport across membranes. The 

interrelationships between AQPs and ROS action are hence of central 

biomedical interest and deserve further intensive work.  

 

Cancer and ROS 

 As described above, H2O2 transiently activates certain 

tyrosine kinases (TK) and inhibits tyrosine phosphatases via 

reversible cysteine oxidation. In this way, it potentiates signalling 

circuits that could favour tumour progression. Besides its function as 

a second messenger, H2O2 can also cause oxidative stress that can 

finally lead to apoptosis if in excess (17). Thus, the relevance of redox 

circuitry in cancer is of paramount importance. Perhaps only in aging 

did the interest in redox gain more momentum that in cancer.   
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 Why did many clinical attempts give only marginal, if any 

definitive result? A key aspect that must be considered is the ability 

of malignant cells to upregulate antioxidant defences. It is well 

known that to survive to the stressful microenvironments in which 

tumour cells live, they must contrive adaptive responses, one of 

which is the upregulation of antioxidant genes to counteract 

oxidative stress (64). This defence mechanism has been clearly 

shown to display pro-tumour effects through mechanisms that are 

so far only partially understood. All preventive or therapeutic 

attempts with antioxidants failed or, worse, showed evidence of 

unexpected harm, as demonstrated by several meta-analyses of 

randomized clinical trials (65-67).  

 A meticulous handling of the dangerous ROS-based circuits 

could hence be a feature that cancer cell exploit during disease 

progression to improve their tumorigenicity. Increased ROS 

production is a hallmark of cancer onset since it will increase 

genomic instability allowing cells to accumulate oncogenic 

mutations. In a second phase, in order to survive, cancer cells will 

upregulate also their antioxidant capacity to counteract the 

increased ROS production that, if prolonged, will have a tumour 

suppressor activity by inducing apoptosis. Thus, tumour cells will 

acquire a new redoxtasis which is more prone to be disrupted since 
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the antioxidant systems are already upregulated, making cancer cells 

more prone to a second oxidative insult. 

 Thus, mechanisms that control H2O2 production, transport 

and clearance are of paramount oncological interest: as the reader 

will find below in chapter 2 section, tilting the redox homeostasis can 

facilitate radio-chemotherapy, because tumour cells need to 

optimise growth promoting pathways, usually live on the edge of the 

delicate redox balance, and hence can be more easily induced to 

undergo apoptosis (68).  

 Activation of antioxidant pathways is an intrinsic risk in 

chemotherapeutic protocols based on generating oxidative stress 

(69). Indeed, non-lethal oxidative stress induces anti-oxidant 

responses that increase cell fitness and chemo resistance (69). 

Accordingly, sulfosalazine, a drug that inhibits xCT-, a protein with 

antioxidant capacity, impairs antioxidant responses synergising with 

As2O3 and thus increasing the efficacy of cancer treatment (70).  

 Another example of the strict relationship between ROS and 

cancer comes from a haematological cancer, multiple myeloma 

(MM). The genetic and microenvironment differences between 

normal plasma and MM cells has as a final consequence a different 

metabolite production. In fact, recent metabolomic studies have 

unveiled the importance of some pathways potentially involved in 

redox homeostasis in the neoplastic evolution of MM 
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cells, especially in the crosstalk with the tumour site (71). On the 

same line, it is also reported that increasing oxidative stress in MM 

cells could potentiate bortezomib sensitivity. This concept came 

thanks to studies focused on redox homeostasis and signalling (72-74).  

Treatment with buthionine sulfoximine (BSO), a compound that 

decreases the intracellular pool of glutathione, strongly synergize 

with bortezomib treatment increasing cell death both in MM cell lines 

and in MM cells derived from patients, whilst antioxidants protect 

MM cells from bortezomib-mediated cell death ((72) and Fig. 9).   

 
Figure 9. Redox homeostasis 
modulates the sensitivity of 
myeloma cells to bortezomib. 
GSH depletion increases 
sensitivity to bortezomib (A) 
whilst antioxidants protect 
from bortezomib-mediated 
cell death (B) (British Journal 
of Haematology Volume 141, 
Issue 4, pages 494-503, 13 
MAR 2008). 
 
 
Another evidence that 

perturbing redox home-

ostasis in cancer could 

improve chemo-therapy 

came from a study where the authors treat either MM cell lines, MM 
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cells derived from patients or a mouse model with a high dose of 

iron. It is well known that iron is a very important nutrient and cancer 

cells could increase their fitness if iron availability is increased. 

However, excess iron could be toxic since it is a substrate in the 

Fenton reaction leading to the formation of ROS (75). Thus, co-

treatment with iron and bortezomib increases therapy efficacy, 

showing a strong synergistic effect, as it was for BSO (73, 74). 

As early diagnosis and staging are fundamental to improve the 

patients’ response to treatments, the study of these redox-related 

pathways in a normal plasma cell population compared to MM, could 

be essential to reveal new strategies to treat this disease.  

 An independent study showed an additional example of how 

ROS are interconnected to cancer and how more profound studies 

could open new opportunity in cancer therapy. NOX1 is highly 

expressed in colon cancer and its role in cancer development has 

been recently investigated. The authors demonstrated that NOX1 

contributes to decreased growth, blood vessel density, and VEGF and 

HIF-1 expression in HT-29 xenografts derived from NOX1 knockdown 

cells (76).  

These here reported are just few examples of a promising field 

rapidly expanding in which ROS are no longer looked as collateral 

effects of cancer therapy that must be prevented but as important, 

active player for anticancer treatment. 
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Cancer and AQPs 

 Not only ROS but also AQPs were closely associated with 

tumour functions in more than 20 human cancer cell types ((77, 78) 

and table 2).  

Table 2. AQPs over-expression in different human tumours (from Wang J. et al., 
2015). 
 
AQPs have been involved in carcinogenesis, pathogenesis of tumour-

associated edema, tumour cell proliferation and migration, or 

tumour angiogenesis (79-82). For example, AQP1 was up-regulated 

in lung adenocarcinoma and more importantly inhibiting its 

expression can inhibit tumour cell invasion (83).  

 The presence of AQP3 has been demonstrated to be 

important for cells the proliferation and migration of lung cancer 
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cells and its downregulation slowed cell cycle progression and 

promotes apoptosis (84). 

 Over the last years, many AQP-targeting drugs and 

monoclonal antibodies have been developed but their clinical 

application in oncology still limited. The reader is referred to a recent 

review by Verkman (44) for more details on the pros and cons of this 

approach. Further studies are required to verify the efficiency and 

safety of these potential anticancer drugs.  

 The results from studies in vivo or vitro also show the 

attractive opportunities for AQP-target therapy. However, there is 

still a long way to go before we can clearly elucidate the specificity 

of AQPs in the pathogenesis, metabolisms, and controls of various 

cancers, or resistance and tolerance to anticancer therapies.  

 So far AQPs have been linked to cancer mainly for their ability 

to transport water, as described above for AQP1 and 3. Since specific 

AQPs can transport also H2O2 and given the important role of H2O2 

in cancer pathology it is of extreme interest to study in deeper details 

how AQPs-mediated H2O2 transport takes place and if it can have an 

impact on cancer cell fate. 
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Aim of the thesis 

 In my undergraduate studies, I have been interested in type-

2 diabetes, a condition in which oxidative stress is thought to play an 

important pathogenetic role. In that period, the possibility of 

targeting HyPer, a genetically encoded H2O2-specific probe, allowed 

me to investigate the relationship between mitochondria- and ER-

produced H2O2 generated during a hyperglycaemic stimulus. During 

this period my interest for the redox field of study blossomed and I 

had the opportunity to collaborate with the team of Roberto Sitia, 

which was studying the role of AQP8 in mammalian cells.  

A year after I started my PhD project in Roberto’s laboratory focused 

on the investigation of whether and how AQP8-mediated H2O2 

transport is regulated in physio-pathological contexts. The final 

objective is to determine if this regulation could be exploited as a 

new therapeutic approach against cancer. This could be particularly 

relevant in multiple myeloma, since, as described above, oxidative 

stress is proved to be a promising treatment in combination with 

classical chemotherapy to improve prognosis.  
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Abstract 

Aquaporin-8 (AQP8) allows the bidirectional transport of water and 

hydrogen peroxide across biological membranes. Depending on its 

concentration, H2O2 exerts opposite roles, amplifying growth factor 

signalling in physiological conditions but causing severe cell damage 

when in excess. Thus, H2O2 permeability is likely to be tightly 

controlled in living cells.  

Aims: In this study, we investigated whether and how the transport 

of H2O2 through plasma membrane AQP8 is regulated, particularly 

during cell stress.  

Results: We show that diverse cellular stress conditions, including 

heat, hypoxia and ER stress, reversibly inhibit the permeability of 

AQP8 to H2O2 and water. Preventing the accumulation of 

intracellular reactive oxygen species (ROS) during stress counteracts 

AQP8 blockade. Once inhibition is established, AQP8-dependent 

transport can be rescued by reducing agents. Neither H2O2 and water 

transport are impaired in stressed cells expressing a mutant AQP8 in 

which cysteine 53 had been replaced by serine. Cells expressing this 

mutant are more resistant to stress-, drug- and radiation-induced 

growth arrest and death.  
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Innovation and conclusion: The control of AQP8-mediated H2O2 

transport provides a novel mechanism to regulate cell signalling and 

survival during stress. 

  

Introduction 

 The pathophysiology of H2O2 exemplifies how reactive 

oxygen species (ROS) are double-edged swords in the cell signalling 

armamentarium: H2O2 is toxic at high concentrations, but at the 

same time it is an essential second messenger in charge of 

modulating diverse signalling pathways (12,15,17,36). Among these, 

H2O2 inactivates tyrosine phosphatases by oxidising essential 

cysteines in their active sites and activates certain kinases, including 

members of mitogen-activated kinase family (MAPKs). The sum of 

these activities results in the amplification of tyrosine 

phosphorylation cascades (35,38). Therefore, the mechanisms that 

control H2O2 production, transport, diffusion and clearance in 

human cells are of paramount biomedical interest (21).  

 Owing to their membrane topology, NADPH-oxidases 

(NOXes) generate superoxide in the external leaflet of the plasma 

membrane or in the lumen of endocytic and exocytic organelles (4). 

Dismutases rapidly convert superoxide into H2O2 that must then 
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cross a lipid bilayer to reach its cytosolic targets. Recently, members 

of the aquaporin protein family (AQP), initially described as 

bidirectional water transporters (1), have been found to channel also 

H2O2 (7). We have recently shown that aquaporin-8 (AQP8) is 

essential to allow effective transport of H2O2 across the plasma 

membrane, thus potentiating tyrosine phosphorylation induced by 

growth factors (6), a notion later corroborated by others (57). These 

data confirmed that H2O2 acts as a rheostat of tyrosine kinase 

signalling and demonstrated that AQP8 guarantees efficient 

cytosolic import of H2O2 likely produced by NOXes. AQP8 silencing 

inhibited in part the transport of H2O2 through the ER membrane, 

but had little if any effect on mitochondria (6), where a fraction of 

AQP8 has been reported to localize (9). In other cell types, AQP3 

(18,39) and possibly also different channels can allow efficient H2O2 

transport.  

 Considering its importance in modulating growth factor 

downstream pathways, we surmised that AQP8-dependent H2O2 

transport could be finely tuned during stress conditions, known to 

entail the production of ROS (51,52). Accordingly, we found that 

diverse cellular stresses reversibly inhibit AQP8-dependent transport 

impacting cell growth and survival. The expression of an AQP8 

mutant that does not undergo this inhibition increases the resistance 

of cells to heat-, arsenic trioxide- and radiation-induced stress. 
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Results  

Membrane permeability to H2O2 is impaired during 

cell stress 

 The hormetic properties of H2O2 -essential for cell survival, 

but toxic at high concentrations- imply tight regulation of its 

intracellular levels. We reasoned that, being more sensitive to 

oxidant toxicity (11,42), cells undergoing stress might deploy 

mechanisms that limit H2O2 import. To test this possibility, we 

exposed human HeLa cells expressing an H2O2-specific ratiometric 

sensor in their cytosol (HyPerCyto (5)) to diverse chemical or physical 

stresses and followed the entry of exogenous H2O2 by live imaging. 

As shown in Fig. 1A, non-stressed cells (red line) display a 

characteristic shift in the ratio of HyPerCyto fluorescence emission 

(488/405nm) as exogenously added H2O2 enters the cytosol. The 

addition of extracellular catalase after H2O2 during our time-course 

analyses rapidly eliminated this shift (Fig. S1A). Thus, in control 

conditions, intracellular ROS produced in response to exposure to 

H2O2 plays a minor if any role in the activation of HyPerCyto, which 

detects mostly H2O2 imported through the plasma membrane. 

Having validated a system that allows us to register primarily the 

entry of exogenous molecules, we measured H2O2 permeability in 
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stressed cells. Clearly, the activation of HyperCyto was inhibited in 

cells exposed to different stressors, i.e. the Hsp90 inhibitor 

geldanamycin, the glycolytic inhibitor 2-deoxyglucose, the ER 

stressor tunicamycin, heat-shock and hypoxia (Fig. 1A). Similar 

results were obtained on different cells types, such as the murine B-

lymphoma I.29µ+ or the human myeloma OPM2 (data not shown).  

In view of its efficacy and ease of control, we used heat-shock for 

most experiments of stress induction.  

 

H2O2 transport inhibition is redox-dependent 

 The observation that different stressors inhibit H2O2 

transport suggests the existence of mechanisms that reversibly gate 

its channel under stress conditions. As diverse stresses share the 

property of triggering ROS production by activating oxidases in target 

cells (23,27,50), we hypothesised that the increase in the levels of 

ROS generated during stress was involved in the inhibition of 

exogenous H2O2 influx observed (13,24,32,53). To verify this 

prediction, HeLa cells were exposed to heat stress in the presence of 

either diphenyleneiodonium (DPI), a compound that limits ROS 

production by inhibiting membrane-bound NOXes and other 

flavoproteins (31), or N-acetyl-cysteine (NAC), a widely used ROS 

scavenger. As shown in Fig. 1B, addition of DPI or NAC during the 
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exposure to high temperature (grey bars) prevented the stress-

induced inhibition of H2O2 uptake.  

Fig. 1A. Kinetics of HyPerCyto 
activation in stressed HeLa 
cells upon addition of 
exogenous H2O2 (50µM) 
reveals an impairment of its 
transport though the plasma 
membrane. Data are shown as 
mean fold changes of the 
488/405nm ratio measured by 
confocal laser scanning, 
plotted against time ± 
standard error of the mean 

(SEM). Ctrl, control conditions; 2-DG, 2-Deoxyglucose; Geld, Geldanamycin; Tun, 
Tunicamycin; Heat, Heat stress; Hyp, Hypoxia. 
 
 Similar results were obtained on different cells types, such as 

the murine B-lymphoma I.29µ+ or the human myeloma OPM2 (data 

not shown).  In view of its efficacy and ease of control, we used heat-

shock for most experiments of stress induction.  
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ROS generated during stress was involved in the inhibition of 

exogenous H2O2 influx observed (13,24,32,53). To verify this 

prediction, HeLa cells were exposed to heat stress in the presence of 

either diphenyleneiodonium (DPI), a compound that limits ROS 

production by inhibiting membrane-bound NOXes and other 

flavoproteins (31), or N-acetyl-cysteine (NAC), a widely used ROS 

scavenger. As shown in Fig. 1B, addition of DPI or NAC during the 

exposure to high temperature (grey bars) prevented the stress-

induced inhibition of H2O2 uptake. Similar results were obtained 

when cells were treated with tunicamycin or cultured in hypoxic 

conditions in the presence of DPI (Fig. S2). These observations 

suggested that elements of the transport mechanism are controlled 

by redox-mediated modification(s).  

Fig. 1B. Quantification of H2O2-
uptake performed 90 seconds 
after addition of exogenous 
H2O2 to HyPerCyto-HeLa cells 
before or after heat stress 
with or without either 10μM 
DPI or 2mM NAC. The data 
were normalized to the uptake 
of DPI- or NAC-treated 
unstressed cells. Average of ≥3 
experiments ±SEM. NT, non-
treated cells. 
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AQP8 is the target of the stress-dependent redox 

regulation 

 Having shown before that human AQP8 is essential for 

efficient entry of H2O2 into living HeLa cells (6), we investigated 

whether this channel is the target of the regulatory modification(s) 

that hamper H2O2 uptake by stressed cells. To this end, cells silenced 

for AQP8 expression, and thus unable to import exogenous H2O2, 

were reconstituted with a vector driving the expression of a 

silencing-resistant Halo-tagged AQP8 (HaloAQP8), and stained using 

the Halo technology (40). Confirming our previous results (6), H2O2 

transport was restored upon expression of the chimeric transgene 

(decorated in white in the pseudocolor scale used in Fig. 2A and 

supplemental Movie SM1). Moreover, heat stress prevented H2O2 

entry also in reconstituted cells (Fig. 2B, upper panels, and Fig. 2C, 

blue trace). Thus, HaloAQP8 transgene maintains the properties of 

the endogenous channel proteins. Following our hypothesis, if the 

channel were controlled by redox-mediated modification(s), 

incubating heat-stressed cells with the reducing agent dithiothreitol 

(DTT) immediately before exposure to exogenous H2O2 should 

recover transport only in cells expressing HaloAQP8. In fact, 5-

minute exposure to DTT partially rescued H2O2 entry only in the 

positive transfected cells (Fig. 2B, lower panels, Fig. 2C orange trace 
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and see supplemental Movie SM2). The reducing agent caused an 

apparent small delay in H2O2 uptake when given to unstressed cells 

(Fig. 2B, black trace), which presumably reflects a potentiation of 

intracellular antioxidant systems and the consequent rapid 

detoxification of the first internalized H2O2 molecules.   

 Altogether, these observations further support the notion 

that AQP8 is a key target of the stress-induced redox regulatory 

modification(s). 

  
Fig. 2. AQP8 is the target of the redox-dependent regulation of H2O2 permeability. 
A. Frames extracted from a representative video out of ≥3 experiments, 
highlighting the kinetics of H2O2 import into silenced HeLa cells reconstituted with 
HaloAQP8 before (left panel) and after (right panel) addition of 50µM exogenous 
H2O2. The 488/405nm ratio is shown in pseudo-colour (upper panel, the scale used 
is indicated in the insert). Cells positively transfected with HaloAQP8 wt are 
coloured in white (middle panel). HyPer fluorescence ratio at baseline is variable 
from cell to cell, but the mean within a cell population is nearly the same in all 
experiments. The variability at the single cell level explains why the basal colours 
presented in panels or figures sometimes differ. The scale bars correspond to 
50μm. Nil, non-treated cells. 
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B. The upper panels correspond to frames extracted from a video as in panel A, 
showing no changes in the HyPerCyto-ratios in HeLa cells reconstituted with 
HaloAQP8 under stress. The frames in lower panels show that recovery of H2O2 
transport occurs only in cells expressing the transgene (coloured in white) after a 
5-minute treatment with 5mM DTT and two washes before the analysis. The 
experimental flow is depicted on the lower scheme for clarity.  

C. Kinetics of H2O2 import 
into HeLa cells in which 
AQP8 was silenced and 
then reconstituted with a 
silencing-resistant vector 
driving the expression of 
HaloAQP8. Cells were 
heat-shocked and then 
incubated with (orange 
trace) or without (blue 
trace) 5mM DTT for 
5min. Results represent 

the mean fold changes of the 488/405nm ratio measured by confocal laser 
scanning, plotted against time. Average of ≥3 experiments ±SEM. 
 
 

AQP8 cysteine mutants display different 

sensitivities to stress-induced transport inhibition 

 The sensitivity to DTT and the rapidity by which the reducing 

agent rescued transport suggested that, upon stress, ROS-induced 

modification(s) of one or more of the six cysteine residues present in 

human AQP8 lead to the closure of the channels. If this were the case, 

mutating them could generate AQP8 variants that become 

insensitive to the stress-dependent blockade. Therefore, we 

individually replaced the six cysteines in AQP8 for serine. Serine 
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residues should retain the approximate size and geometry of 

cysteines residues but be unable to form disulphide bonds or 

undergo other redox modifications affecting channel structure and 

conductivity. Accordingly, all single cysteine-to-serine replacements 

assayed were able to promote efficient water and H2O2 transport 

when expressed in yeast (Fig. S3A and B), showing that mutating 

those residues did not hamper AQP8 activity in control conditions. 

HeLa cells were then transfected with wild type (wt) HaloAQP8 or, 

separately, with the six mutants, and the uptake of exogenous H2O2 

evaluated before or after heat stress. Like in yeast, none of the 

cysteine mutants displayed significant impairment in H2O2 transport 

in control conditions in HeLa cells (data not shown). However, clear 

differences were evident when H2O2 import was analysed after heat 

stress (Fig. 3A). In each sample, care was taken to average only cells 

expressing the transgenes, as detected by staining with fluorescent 

Halo ligands (Fig. 3B). In this experiments, negative cells served as 

powerful internal controls. Neither untransfected cells nor 

transfectants expressing wt, C8S, C38S, C208S or C247S HaloAQP8 

displayed HyPer oxidation upon exposure to H2O2. In contrast, C53S 

transfectants were resistant to the stress-induced inhibition (Fig. 3B, 

lower right two panels). A HyPer-fluorescence shift was also patent 

in cells expressing C173S HaloAQP8 after H2O2 addition (Fig. 3B, 

upper right two panels), albeit this mutant was not as efficient as 
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AQP8 C53S in rescuing the entry of H2O2 into heat-stressed HeLa cells 

(about 90% and 30% of the H2O2 transported by unstressed cells, 

respectively). 

Fig. 3. The expression of AQP8 mutants 
impacts H2O2 and water transport. A. 
Quantification of H2O2 transport after heat 
stress in HeLa cells expressing diverse AQP8 
mutants at 90 seconds of addition of 50µM 
of H2O2. The data are normalized to the 
cells expressing wt recombinant protein in 
control conditions ±SEM.  
 

 
B. Frames extracted from a representative video out of ≥3 similar experiments, 
showing the kinetics of H2O2 import into HeLa cells stably expressing HyPerCyto 
(ratio in pseudo-colour) and transfected with each of the six single cysteine AQP8 
mutants. See legend to Fig. 2A for more details. 
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Stress inhibits also the AQP8-dependent transport 

of water 

 Like other aquaporins, AQP8 can transport water (22). Their 

expression allows fast changes in the cell volume upon exposure to 

osmotic gradients, which correspond to the kinetics of water 

transport across the plasma membrane (48). We therefore 

measured water fluxes in HeLa cells stably expressing HaloAQP8 wt 

or the C53S mutant by stopped-flow experiments (Fig. 3C). Staining 

with Halo ligands confirmed that ≥60% of the cells analysed 

expressed the transgenes (data not shown). In agreement with our 

results on H2O2 import (Fig. 3A), water fluxes were similar in the two 

transfectants under control conditions (Fig. 3C, white bars). 

Remarkably, heat stress had a strong inhibitory effect on cells 

expressing HaloAQP8 wt, but not in C53S transfectants (Fig. 3C, black 

bars). Indeed, the latter were able to import water after stress as 

efficiently as in control conditions, suggesting that in HeLa cells, 

AQP8 is the main, if not the sole, target of the stress-mediated water 

transport inhibition. This observation is further supported by the fact 

that, in contrast with what observed before for H2O2 transport, 

water transport was only partially inhibited in AQP8 wt-expressing 

HeLa cells, which express other water-transporting members of the 

AQP family not bearing the regulatory C53 residue, i.e. AQP1 and 
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AQP4 (data not shown). Noteworthy, a short pre-treatment with DTT 

was sufficient to restore permeability to water in cells expressing the 

stress-sensitive HaloAQP8 wt (Fig. 3C, grey bars) as observed when 

analysing H2O2 transport.  

Fig. 3C. Quantification of osmotic 
water permeability measured in 
stable wt- or C53S-expressing 
HeLa cells in control conditions 
(white bars) or after heat stress 
either with (grey bars) or without 
(black bars) a short treatment of 
DTT performed immediately 
before of the analysis. Values are 

means of the initial rate constant (K) of cell volume changes, expressed as 
percentage of control cells ±SEM of 10-15 single shots for each of ≥3 different 
experiments. 
 
Thus, stress-induced, redox-based mechanism(s) involving AQP8 

inhibit the transport not only of H2O2, but also of water.  

 

Mechanisms of AQP8 inhibition 

 Several mechanisms have been proposed to modulate 

transport through aquaporins, including oxidative gating and 

phosphorylation-dependent internalisation from the plasma 

membrane (25,43,47,59). We first considered the possible role of the 

latter in preventing AQP8-dependent transport. Unfortunately, our 

efforts to obtain trustworthy AQP8-specific antibodies were 

unsuccessful. As a consequence, we followed the movements of 
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HaloAQP8 by total internal reflection microscopy (TIRF) assays (3). 

By restricting the excitation to 90nm below the plasma membrane, 

this technology allows visualising only the basal region of cells 

adhered to glass slides. Intense fluorescence was detected in control 

cells, implying the presence of abundant HaloAQP8 molecules in the 

basal membrane. However, no significant differences could be 

recorded between control and heat-stressed cells (Fig. S4A). As the 

resolution of TIRF cannot formally exclude AQP8 internalisation, we 

generated a recombinant AQP8 protein in which a myc tag was 

inserted in the first extracellular loop (HaloAQP8 myc-out). The 

capability of this protein to transport water or H2O2 was verified in 

yeast (Fig. S3A and B). As revealed by quantitative cytofluorimetric 

analyses, the binding of myc-specific antibodies was not significantly 

perturbed upon exposure of HeLa transfectants to heat-shock (Fig. 

S4B). Taken together, these data indicated that the stress-induced 

inhibition of H2O2 and water transport is not due to internalisation 

of AQP8. 

In view of the critical role of cysteines 53 and, to a lesser extent 173, 

we then sought evidence for redox modifications of the channel 

proteins. Non-reducing gels did not show proof of inter- or intra-

chain disulphide bonds (Fig. S5A). Dimedone-based chemical probes 

(41,46) were used then to verify whether C53 was a target of 

sulphenylation. Although the amount of sulphenylated proteins 
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increased in cells treated with increasing concentrations of H2O2 (Fig. 

S5B), we could not obtain compelling evidence for oxidative 

modifications directly or indirectly impacting AQP8 (Fig. S5B and C). 

Noteworthy, a clear increase in the amount of intracellular 

sulphenylated proteins was evident in cells exposed to elevated 

temperature (Fig. S5C). This increase was less pronounced in cells 

expressing C53S.  

 

Inhibition of AQP8-mediated transport determines 

cell fate after stress 

 Whether stress culminates in survival or death is determined 

by different factors, such as its intensity and duration, the cell type 

and other environmental cues (16). To ascertain whether AQP8-

mediated transport can impact the cellular responses to stress, we 

compared several key physiological parameters in HeLa cells stably 

expressing HaloAQP8 wt or the C53S mutant (Fig. 4). Crystal violet-

based clonogenic assays were used to measure proliferation 

and/or cell survival as counting the number and size of colonies 

obtained after plating cells before or after exposure to stress 

provides an estimate of stress resistance. Consistent with the 

previous results, no significant differences were observed when 

HaloAQP8 wt or C53S transfectants were cultured in control conditions. 
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However, the expression of the non-inhibitable AQP8 variant (C53S) 

rendered cells more able to survive to a severe heat stress than did 

wt channels (Fig. 4A).  

Fig. 4A. Clonogenic assays 
comparing the ability of 
stable HaloAQP8 wt- or 
C53S-expressing HeLa cells 
to form clonal colonies 
before and after heat stress. 
Wells are the result of 2-fold 
serial dilutions to allow 
visualization of single-cell 

derived colonies. Results are represented as percentage of surviving colonies. 
Average of 3 experiments ±SEM. 
 

 The C53S transfectants yielded about 70% of the colonies 

obtained by plating unstressed cells, whilst only 30% were recovered 

in cells expressing HaloAQP8 wt. Noteworthy, similar percentages of 

colonies were obtained at the three different cell concentrations, 

arguing against cell cooperativity in the resistance to stress. The size 

of colonies roughly depends on the number of divisions that a cell 

undergoes after having successfully attached to the plate. C53S-

expressing cells formed slightly but significantly larger colonies than 

cells expressing the wt protein (Fig. 4B). 
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Fig. 4B. Measurement of colony area 
distribution in both AQP8 wt and C53S-
expressing HeLa cells before and after the 
stress. Each dot is single colony and their 
area is displayed in mm2. 
 

  

 

 

Thus, maintaining open AQP8 channels confers adaptive advantages, 

allowing cells to grow also when they are subjected to harsh 

conditions.  

 It is generally accepted that radiotherapy, as well as most 

chemotherapeutic drugs, kill neoplastic cells by inducing a lethal 

oxidative stress (54,60). To investigate whether C53S-expression 

confers a surviving advantage to cells exposed to established anti-

tumour therapies, we performed clonogenic assays after either X-

irradiation or treatment with arsenic trioxide (As2O3). As shown in 

Figs. 4C and D, cells expressing AQP8 C53S are more resistant to 

either treatment than the wt-expressing ones.  
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Fig. 4. Expression of C53S AQP8 confers stress-resistance to HeLa cells  
C. Quantification of the clonogenic capacity of stable HaloAQP8 wt and C53S-
expressing HeLa cells after 7 days from irradiation with different doses. Data are 
represented as percentage of surviving colonies with respect to the number of 
colonies grown in control conditions ±SEM. D. Quantification of the clonogenic 
capacity of stable HaloAQP8 wt and C53S-expressing HeLa cells after 7 days from a 
24h-treatment with the indicated doses of arsenic trioxide. Data are represented 
as in C. 
 

Therefore, dysregulation of AQP8 permeability may represent a 

protective mechanism activated by cells against endogenous or 

exogenous stressful stimuli. 

 

Expression of C53S counteracts stress-induced 

growth arrest 

 The smaller size of the colonies recovered after heat-shock 

(see Fig. 4B) is in line with the notion that severe stresses cause 

transient growth arrest (10). To further investigate the role of AQP8, 
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we compared cells expressing wt or C53S variants for their efficiency 

in replenishing an empty territory (Fig. 5A and supplementary 

movies SM3-6). In principle, these ‘gap filling’ assays measure the 

combined rates of cell division and motility, but owing to the 

proliferative capabilities of HeLa cells, the former prevail in our 

experimental setting, despite the use of low serum concentrations. 

Also in these experiments, no significant differences were observed 

between untreated wt- and C53S-expressing cells (see 

quantifications in Fig. 5A). Instead, after heat stress, gap closure 

started sooner and was significantly more efficient in cells expressing 

C53S, strongly suggesting that these cells were less sensitive to 

growth arrest in response to stress.  

Fig. 5. AQP8 inhibition by stress causes reversible growth arrest  
A. The images show frames of a representative video taken at time 0 or after 24h 
of culture at 37°C in which HaloAQP8 wt- or AQP8 C53S-expressing cells fill a 
500μm gap, before or after a 3-hour heat stress. Scale bars correspond to 200μm. 
The results of ≥3 independent experiments are averaged on the right panel and 
represented as percentage of gap closure against time ±SEM. 
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Cell cycle analyses confirmed that AQP8 wt expressing cells were 

arrested in S phase (Fig. 5B, left panel). In contrast, the consequent 

increase in the S/G2 ratio was not observed in cells expressing the 

non-inhibitable AQP8 C53S mutant (Fig. 5B, right panel). Stable 

transfectants producing AQP8 wt recombinant proteins were able to 

resume growth after incubation at 37°C, indicating that the stress-

derived proliferative block is reversible and can be overcome if the 

duration and/or strength of the stress is limited (Fig. 5B, left panel). 

 
Fig. 5. AQP8 inhibition by stress causes reversible growth arrest B. Cell cycle phase 
distribution of AQP8 wt- or AQP8 C53S-expressing cells was compared before, 
immediately after heat stress or after further 2-hour or overnight incubation at 
37°C, as indicated. Data are represented as the percentage of cells in each phase 
relative to the total cell number (average of 3 experiments ±SEM). ON, overnight. 
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Expression of AQP8 C53S limits stress-induced 

signalling and apoptosis. 

 Next, we investigated whether the expression of a non-

inhibitable AQP8 protects cells from damage-induced cell death. 

Staining with Annexin-V (56) confirmed that expression of HaloAQP8 

C53S conferred resistance to stress-induced apoptosis. The percentage 

of Annexin-V positive cells was lower in AQP8 C53S than in wt 

transfectants either immediately upon stress or after 24h of recovery at 

37°C (Fig. 6A). These results mirror the lower efficiency of cells 

expressing AQP8 wt in gap filling assays (see quantification in Fig. 5A). 

Fig. 6. AQP8 mutation 
in C53S influences 
stress-induced p38 
phosphorylation A. 
Apoptosis in stable 
HaloAQP8 wt and 
C53S-expressing HeLa 
cells was monitored 
by Annexin-V staining, 
both immediately 
after inducing stress 

with or without 2mM NAC or after 24 hours of culture at 37°C. Data are expressed 
in percentage of Annexin-V positive cells ±SEM. 
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 It is well established that different stress conditions cause 

phosphorylation of p38 via circuits involving ROS production (55). 

Accordingly, phosphorylation of p38 was increased over 4-fold upon 

heat stress in HeLa transfectants expressing wt AQP8 (Fig. 6B), but 

to a lesser extent in cells expressing C53S (compare lanes 1-4 and the 

quantification of 8 independent experiments on the right). As 

expected, addition of NAC during temperature stress prevented p38 

phosphorylation (lanes 5-6). p38 phosphorylation was partially 

inhibited by NAC also in C53S mutants, possibly because only 60% of 

cells express the mutant protein. NAC was also able to reduce the 

differences in stress-induced apoptosis between AQP8 wt- and C53S-

expressing cells (Fig. 6A). The higher activation of p38 in AQP8 wt 

cells correlate with the higher levels of apoptotic cells in stressed 

AQP8 wt-expressing cells, which is consistent with the known role of 

activated p38 as inducer of apoptosis (55). Along this line, the lower 

phosphorylation of p38 in AQP8 C53S-expressing cells is in 

accordance with their increased viability, in part providing a 

plausible explanation of the stress-resistant phenotype.  
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Fig. 6. AQP8 mutation in C53S influences stress-induced p38 phosphorylation B. 
The image shows a representative western blot analysis, showing changes in 
phosphorylation of p38 on whole HeLa cell extracts. Cells stably expressing 
HaloAQP8 wt or C53S mutant were cultured for 3h at 37 or 42°C with or without 
2mM NAC. The right panel shows the quantification of phospho-p38 signal 
normalized against its total levels. Data are represented as fold change of p38 
phosphorylation under stress conditions respect to the signal obtained with 
unstressed controls. Average of 8 experiments ±SEM. 
 

 Finally, we investigated whether AQP8 wt- and C53S-

expressing cells differed in their sensitivity to hypoxia, a condition 

known to generate intracellular ROS (20). Cells expressing the non-

inhibitable C53S mutant accumulated less HIF1 after 24h of culture 

at 1% oxygen (supplementary Fig. S6A), in consonance with the 

possibility that permeant AQP8 channels allow extrusion of excess 

ROS, limiting their accumulation (Figs. S4C and 7) and consequently 

HIF1-stabilization. Expression of AQP8 C53S allowed cells to form 

bigger colonies when cultured after hypoxic stress (supplementary 

Fig. S6B), in line with our finding (Fig. 4B) that non-restrained H2O2 

transport across the plasma membrane confers growth advantages.  
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Discussion 

 In this study, we show that the transport of both H2O2 and 

water through AQP8 is inhibited following diverse cellular stresses. 

Mutation of conserved cysteine residues in AQP8 confers resistance 

to stress. These observations, together with the finding that stress-

mediated inhibition of AQP8 wt is prevented by reducing agents, 

sustain the redox-dependency of the regulatory mechanisms and 

provide key information on its target. Importantly, substitution of 

AQP8 cysteine residues does not impact protein activity in basal 

conditions. In contrast, the role of cysteines 53 and to a lesser extent 

173 in modulating channel function under stress is compelling, albeit 

the underlying molecular mechanism(s) are only partially clarified. In 

fact, we demonstrated that different stresses converge in gating 

AQP8-mediated H2O2 transport via reversible modifications that 

preferentially target C53, directly or indirectly, and that DTT recovers 

the activity of stressed AQP8.  

 Because of their reactivity, only functional cysteines tend to 

be conserved during evolution (37,49). Thus, the presence of C53-

like residues in AQP8 and AQP3, both known to transport H2O2 (6,39), 

points to relevant role(s) of these cysteines as redox regulatory 

switches. Computational predictions of the AQP8 structure 
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(obtained by homology modelling on the web server SWISS-MODEL 

(2) using the Uniprot entry for human AQP8 O94778) argue against 

the formation of disulphide bridges between C53 and C173. 

Accordingly, we did not detect intra- or inter-molecular disulphides 

linkages in AQP8 upon stress. However, the vicinity of R213 could 

favour C53 deprotonation rendering it a target of oxidative 

posttranslational modifications, such as sulphenylation, 

persulphidation or nitrosation. It is also possible that other 

molecules are modified so as to inhibit AQP8 in a C53-dependent 

fashion. Care was taken to exclude the internalization of AQP8, a 

mechanism utilized to remove other aquaporins from the plasma 

membrane and often induced by phosphorylation (43,47). 

Interestingly, also water transport through AQP8 wt, but not the 

C53S mutant, is inhibited by stress, and is recovered by exposure to 

reducing agents. The finding that also water fluxes are blocked by 

stress further confirms that redox-dependent circuits targeting C53 

modulate AQP8 activity and excludes artifactual modifications of the 

redox-sensitive HyPerCyto probe due to H2O2 transport. 

 Our results also show that the stress-dependent gating of 

AQP8 has important consequences on the outcome of stress. Severe 

stress is followed by growth arrest and cell death, which limits 

proliferation of damaged or transformed cells. Stresses most often 

induce intracellular production of ROS. In this scenario, blocking 
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AQP8-dependent transport can provide a dual defence against 

oxidative damage: if the stress is mild, cells resume growth once the 

problem is solved; if it is harsh, cells undergo apoptosis, limiting the 

deleterious effects of ROS at the organism level. Cells expressing the 

non-inhibitable AQP8 C53S variant are more resistant to stress-

induced growth arrest and ROS-triggered apoptosis, thus increasing 

survival. Stress-induced inhibition of water transport may also 

contribute to the cell responses to stresses: in this regard, a recent 

report shows that knocking-down AQP2 or AQP4 impacts water 

transport, resulting in an increase of survival in nematodes during 

hypotonic-anoxic stress (30). 

 Figure 7 summarizes a plausible scenario emerging from our 

results. In normal conditions (panel A), growth factor stimulation 

activates NOXes to produce H2O2 that reaches its cytosolic targets 

via AQP8 or other channels (6,39). The downstream protein kinase 

(PKs) circuits promote proliferation. In contrast, severe stress can 

induce apoptosis via the Ask1-p38 phosphorylation pathway (panel 

B). This is a ROS-dependent event (55), which can be prevented by 

the addition of NAC during stress. Gating of AQP8 impedes the 

bidirectional transport of H2O2 (1), yielding two important 

consequences. On the one hand, NOX-derived H2O2 cannot exert its 

growth-promoting effects. On the other, the excess of H2O2 

produced intracellularly upon stress cannot be extruded through 
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AQP8, facilitating growth arrest and apoptosis. The expression of 

AQP8 C53S (panel C) allows cells to proliferate sooner after stress, 

because they can eliminate the excess of H2O2 and/or still uptake the 

molecule to promote growth.  

 
Fig. 7. Schematic model of H2O2 generation and transport during signalling. 

Membrane NOXes are activated upon tyrosine kinase receptor (TKR) engagement 

to produce H2O2, which enters the cells via AQP8 and amplifies downstream 

signalling (panel A). Under stress conditions, redox-dependent modifications 

inhibit H2O2 transport. Consequently, TKR-dependent phosphorylation cascades 

are down-regulated and apoptosis is promoted through ROS-dependent p38 

activation (panel B). In contrast, the presence of non-inhibitable AQP8 (C53S) 

restores transport and leads to a stress-resistant phenotype (panel C). The stress-

induced pro-apoptotic and H2O2 grow-promoting events are depicted in red and 

green, respectively, highlighting the dichotomous H2O2 effects. 
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 To explain the coexistence of opposite redox pathways, the 

model implies that signalling outcome is controlled either by the 

dose or the duration of H2O2 production, and that topological and/or 

biochemical restraints limit its diffusion in the cytoplasm. 

Accordingly, it has been shown that receptor stimulation locally 

inactivates peroxiredoxin-1 (Prx1), spatially allowing H2O2-driven 

signal amplification (58). Although a fraction of AQP8 has been 

reported to localize to mitochondria (9), in our hands AQP8 silencing 

had little if any effect on H2O2 transport across the membrane of 

these organelles (6), suggesting that, in this context, stress does not 

target mitochondrial AQP8. Probes capable of dissecting H2O2 

diffusion within the cytosol with improved resolution are needed to 

pursue this exciting line of investigation.  

 Cancer cells often experience stressful conditions, like 

hypoxia, low pH or starvation, that increase ROS production (33). In 

conflict with the traditional view, a number of recent studies have 

shown that while the increase of ROS often causes severe damage 

and cell death, overexpression of antioxidant defences is itself a 

direct promoter of cancer development and progression, and is 

responsible for drug resistance (14,19). Our clonogenic assays 

indicates that the inability of gating AQP8 upon stress, due to 

mutation in the C53 residue, not only causes increased survival, but 

also results in resistance to pro-oxidant anti-cancer treatments (45). 
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Also, the reduced sensitivity to hypoxia might be due to the capacity 

of stressed cells expressing a non-inhibitable AQP8 to get rid of 

excess ROS. In this way, ROS intracellular accumulation and the 

consequent cell damage and apoptosis are prevented. This is 

particularly important in cancer cells, where the ability to cope with 

elevated ROS levels limits many therapeutic approaches. Thus, 

characterising the mechanisms that inhibit the activity of AQP8 and 

identifying protocols to modulate them may open the way to 

unforeseen therapeutic opportunities. 

 

 

Innovation 

 Our study reveals a novel layer of control in the redox 

signalling circuitry that impacts cell resistance to stress and survival. 

The key finding is that living cells can regulate the permeability of 

AQP8 to H2O2 and H2O, particularly during stress. The mechanism 

we disclose influences cell life-death decisions and can lead to the 

identification of drug targets with wide implications in tumour 

biology and other stress-related pathological conditions. 
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Material and Methods 

Cell culture 

HeLa cells were cultured in DMEM+Glutamax™-I medium (Life 

Technologies, Carlsbad, CA, U.S.A.) supplemented with 10% fetal 

bovine serum (FBS, EuroClone, Pero, Italy) and 5mg/ml penicillin- 

streptomycin (Lonza, Basel, Switzerland).  

 

Plasmids, siRNAs and transfection procedures 

The plasmid for expression of the HyPer probe targeted to the 

cytosol (HyPerCyto) was a generous gift of Dr. V. Belousov (IBCh, 

Moscow, Russian Federation), while silencing‐ resistant Halo‐

AQP8 (HaloAQP8) plasmid was generated as previously described (6), 

and used as template to create the single cysteine mutants by site-

directed mutagenesis using the following primers: HaloAQP8 C8S: Fw 

- 5’ GATAGCCATGTCTGAGCCTGAATTTGGC 3’; Rv - 5’ GCCAAATTCAG-

GCTCAGACATGGCTATC 3’; HaloAQP8 C38S: Fw 5’ – GTGCAGCCATCT-

CTGGTCGAAC 3’; Rv - 5’ GTTCGACCAGAGATGGCTGCAC 3’; HaloAQP8 

C53S: Fw 5’ – CTTCATCGGGTCCCTGTCGGTC 3’; Rv - 5’ GACCGACAGG-

GACCCGATGAAG 3’; HaloAQP8 C173S: Fw 5’ – CCTGGCTGTATCCATG-

GGTGCC 3’; Rv - 5’ GGCACCCATGGATACAGCCAGG 3’; HaloAQP8 
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C208S: Fw 5’ – GTCTGGAGGCTCCATGAATCCC 3’; Rv - 5’ 

GGGATTCATGGAGCCTCCAGAC 3’; HaloAQP8 C247S: Fw 5’ – GCTCAT-

TAGGTCCTTCATTGGAGATGGG 3’; Rv - 5’ CCCATCTCCAATGAAGGAC-

CTAATGAGC 3’. All constructs were validated by sequencing. 

The AQP8 insert including a myc tag in the first extracellular loop 

(loop A) and flanked by two glycines to confer flexibility, was 

synthetized by Eurofins Genomics (Ebersberg, Germany). HaloAQP8 

myc-out-expressing plasmid was constructed by cloning the 

synthetic insert into the pHTN-HaloTag® vector (Promega, Fitchburg, 

WI, U.S.A.). 

The AQP8-specific siRNA oligonucleotide (5’ UUUGGCAAUGACAAG-

GCCA 3’) and an unrelated control (Block‐it™) were purchased 

from Ambion (Life Technologies, Carlsbad, CA, U.S.A.) and their 

efficiency monitored by real-time RT-PCR as reported before (6).  

For silencing experiments, 8x104 HyperCyto-expressing HeLa stable 

transfectants (see below) were grown overnight in 6-well plates and 

transfected with 90pmol of siRNA, using RNAiMAX lipofectamin 

(Invitrogen, Carlsbad, CA, U.S.A.), according to the manufacturer 

instructions. Cells were analysed for efficient silencing and used after 

72h of transfection.  

For experiments in which AQP8 expression was reconstituted 

transiently using HaloAQP8-wt or the mutant recombinant proteins, 
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cells were first silenced for 24h and then transfected by 

Polyethylenimine (PEI) (8) and cultured for further 48h before 

imaging or biochemical analyses.  

 

Generation of stable HeLa cell lines 

HeLa transfectants stably expressing either HyPerCyto, HaloAQP8 wt 

or HaloAQP8 C53S, were generated by PEI transfection. 

After 4 days in selection with 0.5 mg/ml of G418 (Sigma, Saint Louis, 

MO, U.S.A.), HeLa-HyPerCyto cells were directly sorted at 488 and 

405nm using a MoFlo XDP cell sorter (Beckman Coulter, Pasadena, 

CA, U.S.A.). To obtain HeLa transfectants stably expressing HaloAQP8 

wt- and HaloAQP8 C53S, cells were stained overnight with 2nM of 

HaloTag® TMR Direct Ligand (Promega), and sorted at 534nm. 

 

Reagents and stress treatments 

Tunicamycin, 2-deoxyglucose, and geldanamycin, were purchased 

from Sigma and used at the final concentrations of 10μg/ml for 4h, 

6mM overnight, and 1μM overnight, respectively. Arsenic trioxide 

(As2O3) was a generous gift of Dr. Rosa Bernardi (IRCSS San Raffaele, 

Milan, Italy) and was incubated overnight at 37°C at the indicated 

concentrations.  
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Heat-shock treatment was performed by putting the plates, each 

containing 1.8x106 cells in 2% FBS medium, in a water bath set at 

42°C with or without 10μM diphenyleneiodonium (DPI, Sigma) or 

with 2mM of N-Acetyl-cysteine (NAC, Sigma). After 3h at 42°C, cells 

were either lysed for biochemical assays or utilised for live imaging 

or FACS analyses. 

Cell irradiation was performed in a Biobeam gamma-irradiator 

device (Gamma-service Medical Gmbh, Leipzig, Germany) using the 

pre-programmed manufacturer setups for the indicated gray (Gy). 

Hypoxic conditions were induced either by culturing the cells for 3h 

or 24h at 1% oxygen in a hypoxia workstation (Invivo2 400, Ruskinn 

Technology, Ltd., Bridgend, South Wales, UK).  

 

Imaging HyPer oxidation 

To perform confocal live imaging experiments, 8x104 HyperCyto-

expressing HeLa cells were silenced and/or transfected on glass‐

coverslips as described above. To identify HaloAQP8‐expressing 

cells, 2nM HaloTag® TMR Direct Ligand was added 24h after 

transfection. After 24h of culture with the fluorescent ligand, cells on 

coverslips were equilibrated in Ringer Buffer (RB: 140mM NaCl, 2mM 

CaCl2, 1mM MgSO4, 1.5mM K2HPO4, 10mM Glucose, pH 7.3) for 
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10min at room temperature (RT) prior to addition of 50µM of H2O2 

or 5000U/ml extracellular catalase (both from Sigma), all freshly 

prepared in RB. When indicated, cells were equilibrated for 5min in 

RB and then treated 5min with 5mM DTT (Sigma) diluted in RB, 

washed and analysed. 

Confocal images were collected every 2sec for 3min or more by dual 

excitation with a 488nm argon and a 405nm violet diode lasers. We 

used an Ultraview confocal laser-scanning microscope equipped 

with a 40X oil‐immersion lens (Perkin Elmer, Waltham, MA). The 

488/405nm ratios were calculated by ImageJ software for ≥25 cells, 

averaged, and showed as mean fold change ratio plotted against 

time ±SEM. Alternatively, we averaged the data obtained after 90 

seconds from H2O2 addition in the time-course experiments 

performed, and represented them as the percentage of H2O2 

transport in stressed cells relative to the corresponding non-stressed 

cells to facilitate quantification and statistical analyses. At least three 

independent experiments were performed for each condition 

and/or mutant, except for non-stressed cells treated with NAC and 

mutant AQP8 C8S stressed cells, in which two different experiments 

gave almost identical results. 
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Stopped-flow experiments 

Osmotic water permeability was measured by stopped-flow light 

scattering method as described before (28). Briefly, HeLa-HaloAQP8 

wt and -HaloAQP8 C53S were seeded in culture flasks and grown 

until they reached approximately 90% of confluence. Cells were 

scraped off from the flasks and incubated at 37°C or 42°C for 3h and 

then treated with or without DTT. Then, cells were centrifuged, 

resuspended in Hank’s solution and used for the osmotic 

permeability measurements. The analysis of cell swelling caused by 

exposure to a hypotonic gradient (150mosm/L) was performed on a 

stopped-flow apparatus (RX2000, Applied Photophysics, 

Leatherhead, UK) with a pneumatic drive accessory (DA.1, Applied 

Photophysics) coupled with a Varian Cary 50 spectrometer (Varian 

Australia Pty Ltd, Australia). Scattered light intensity at RT with a 

dead time of 6ms was recorded at a wavelength of 450nm. The time 

course of swelling was measured for 60s at the acquisition rate of 

one reading/0.0125s. The gradient caused osmotic water influx, cell 

swelling, and decreased light scattering. The initial rate constant of 

cells volume changes (k) was obtained by fitting the time course of 

light scattering with a one phase exponential decay up to 12s 

(GraphPad Prism 4.00, 2003). Results were represented as 

percentage of water transport under stressed conditions relative to 
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the transport in control conditions ±SEM. All experiments were 

performed at least three times. 

 

Clonogenic assay 

The colony-forming ability of HeLa cells stably expressing HaloAQP8 

wt or mutant C53S was assessed before or after stress. Briefly, cells 

were incubated in p35 plates at 37°C or 42°C, treated with arsenic 

trioxide, irradiated or cultured in 1% oxygen as described above, 

carefully counted and subsequently re-seeded in a 24-well plate at 

serial 2-fold dilutions starting from 5000 cells/well. Once plated, cells 

were placed at 37°C and incubated there for 7 days, a time 

corresponding to six potential cell divisions. After that period, cells 

were stained with crystal violet (44). Briefly, wells were washed once 

with PBS and cells were fixed with 2% Formaldehyde for 10min 

before permeabilisation with 2% methanol for 10min at RT. Then, 

the colonies were stained with 0.2% crystal violet for 5min at RT with 

gentle shaking. All of these reagents were from Sigma. Wells were 

washed with distilled water until a clear background was visible and 

left to dry at RT for 24h. Resulting colonies were scanned, counted, 

and their individual areas measured using the Colony counter ImageJ 

plug-in. The percentages of colonies formed by stressed cells were 

calculated relative to unstressed cells and the resulting averages are 
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shown ±SEM. When indicated, averaged data were interpolated with 

a non-linear regression (curve fit) analysis using Prism software. The 

area of individual colonies was represented using a distribution 

graph and expressed in mm2.  For heat-shock and As2O3 treatment 

clonogenic assays, three independent experiments were performed, 

and n≥2 wells counted. For X-irradiation treatment, two different 

experiments gave consistent results, and n≥2 wells were counted. 

For the hypoxic treatment 1 experiment was performed and n≥3 

wells were counted. 

 

Apoptosis and cell cycle analyses 

Subconfluent HeLa cultures (60-90%) were synchronized by culturing 

them in DMEM medium at low (2%) FBS concentrations for 3h at 

42°C or 37°C with or without 2mM of NAC, and stained with Annexin-

V following the protocol provided by the manufacturer (eBioscence, 

San Diego, CA, U.S.A.), soon after stress or 24h after recovery at 37°C. 

Data were acquired in a FACSCanto cytometer (BD Biosciences, San 

Jose, CA, U.S.A.), analyzed with FCS Express 4 Flow software (De 

Novo Software, Los Angeles, CA, U.S.A.) and represented as 

percentage of Annexin-V positive cells ±SEM. Experiments were 

performed at least three independent times. For cell cycle analyses, 

HaloAQP8 wt or HaloAQP8 C53S stable transfectants were stained 
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with propidium iodide (PI) immediately after stress or after either a 

2h- or overnight-recovery at 37°C. Briefly, cells were washed twice 

with PBS without Ca++/Mg++ (EuroClone), fixed in 70% cold ethanol, 

incubated in 0.5ml of PBS without Ca++/Mg++ supplemented with 

50µg/ml PI, 0.1% Sodium citrate, 50µg/ml ribonuclease A (all from 

Sigma) for 30min at RT and acquired in a FACSCanto cytometer (BD 

Biosciences). Data were analysed with the FCS Express 4 Flow 

software adjusting cell cycle profiles with the predefined autofit +S 

order=1 model, and represented as the percentage of cells in each 

phase relative to the total cell number ±SEM (mean of three 

experiments). 

 

Gap filling assays 

To perform this assay 6.5 x104 cells were seeded in each well of a µ-

dish, 35mm, low, culture-insert plate (Ibidi, Martinsried, Germany). 

In these plates, a silicone dam of 500µm separates the plating space 

in two identical wells in which cells expressing the same or different 

AQP8 variants were cultured until confluence was reached. Cells 

were then incubated at either 37°C or 42°C in 2% FBS for 3h as 

described. After that period, dams were removed leaving a defined 

cell-free gap and the medium was increased to 5% FBS to stimulate 

gap filling. In some experiments 2nM TMR ligand was added to 
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identify transfectants expressing the protein of interest. Time-lapse 

10X photographs of gap closure were taken each 5min for up to 24h 

using a Zeiss Axiovert S100 TV2 microscope (Zeiss, Oberkochen, 

Germany) equipped with a Hamamatsu OrcaII-ER camera 

(Hamamatsu City, Japan) and analysed using ImageJ or Oko-vision 

(Okolab, Ottaviano, NA, Italy) software. Five independent 

experiments were performed. Data are represented as the average 

percentage of gap closure plotted against time ±SEM. 

 

Analysis of p38 activation and oxidative 

modifications of HaloAQP8 

To follow p38 phosphorylation, subconfluent HeLa cultures (80-90%) 

stably expressing AQP8 wt or AQP8 C53S recombinant proteins were 

cultured in 2% FBS for 3h at 37°C or 42°C with or without 2mM NAC. 

Cells were then washed once with ice-cold PBS and scraped in a 

buffer containing 62.5mM Tris, 1% sodium dodecyl sulfate (SDS), 

10% glycerol and 5mM DTT supplemented with freshly added 

protease inhibitors (Roche, Basel, Switzerland), 10mM N-

Ethylmaleimide (NEM), 0.4mM Na3VO4 and 10mM NaF (all from 

Sigma). Cell lysates were sonicated twice at maximum intensity for 

10min and aliquots resolved by standard SDS–PAGE electrophoresis 

followed by western blotting. The experiments were performed 
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eight times (p38 phosphorylation) or at least twice (NAC inhibition of 

p38 phosphorylation), giving similar results. 

To analyse the changes in mobility of the HaloAQP8 recombinant 

protein, subconfluent HeLa cultures (80-90%) stably expressing 

AQP8 wt were washed once with ice-cold PBS and scraped in RIPA 

buffer (0.1% SDS, 1% NP40, 150mM NaCl, 50mM Tris, pH 7.4) 

supplemented with freshly added protease inhibitors, 10mM N-

Ethylmaleimide (NEM), 0.4mM Na3VO4 and 10mM NaF. Whole HeLa 

cell lysates were centrifuged at 15000rpm 15min 4°C and used in 

standard reducing and non-reducing electrophoresis followed by 

western blotting. The experiments were repeated at least three 

times and gave similar results. 

To investigate the sulphenylation of HaloAQP8 recombinant protein, 

subconfluent HeLa cultures (80-90%) transiently expressing myc-

tagged AQP8 wt or C53S cells were either treated with the indicated 

concentrations of H2O2 or subjected to heat stress, washed with ice-

cold PBS and scraped in RIPA buffer supplemented with freshly 

added protease inhibitors, 0.4mM Na3VO4, 10mM NaF and 250mM 

of the sulphenylation-detecting probe DCP-Bio1 (EMD Millipore, 

Billerica, MA, U.S.A.). Whole HeLa cell lysates were centrifuged at 

15000rpm 15min 4°C and post-nuclear surnatant was quantified. 

1mg of total protein was then used for immunoprecipitation with 
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homemade crosslinked anti-myc sepharose beads and eluted by 

boiling in SDS-containing sample buffer.  

 

Antibodies and western blotting 

Primary antibodies rabbit α-p38 and rabbit α-Phospho-p38 

(Thr180/Tyr181) were purchased from Cell Signaling Technology 

(Danvers, Massachusetts, U.S.A.). Anti-Halo antibody was purchased 

from Promega. Rabbit α-HIF1a was from Cayman Chemical (Ann 

Harbor, MI, U.S.A.), while mouse anti-tubulin was from Sigma. 

Secondary antibodies α-rabbit AlexaFluor-488 or -AlexaFluor-647, 

were purchased from Invitrogen. 

Images were acquired using a Typhoon FLA-9000 (GE HealthCare, 

Little Chalfont, U.K.), processed with ImageJ and densitometrically 

quantified when indicated by ImageQuant TL software (GE 

HealthCare, Little Chalfont, UK) ±SEM. 

 

Water transport in yeast 

S. cerevisiae wild type strain BY4741 was transformed with 

pYeDP60u mock vector or pYeDP60u containing indicated AQP8 

variant encoding genes. Transformants were selected on synthetic 

medium (2% agar, 2% glucose, 50mM succinic acid/Tris base, pH 5.5, 

and 0.7% YNB (yeast nitrogen base) without amino acids (Difco, 
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Franklin Lakes, NJ, U.S.A.)) supplemented according to the 

auxotrophic requirements with histidine, methionine and leucine. 

Transformants were grown in 4ml of above described synthetic 

medium for 12h at 30°C and then transferred to 25ml of synthetic 

medium (2% glucose replaced by 2% galactose) for 36h at 30°C. After 

centrifugation, cells were resuspended in 3ml of 50mM KH2PO4 (pH 

7.2) plus 6µl of 2-mercaptoethanol, and incubated for 15min at 30°C. 

6ml of spheroplasting buffer (2.4M sorbitol, 50mM KH2PO4 (pH 7.2), 

200mg bovine serum albumin, and 10mg of Zymolase 20T (Amsbio, 

Abingdon, UK)) was added to the cell suspension. The cells were 

incubated for 60min at 30°C. Following centrifugation, spheroplasts 

were washed once and finally resuspended in 10mM Tris/MES, pH 

8.0, 5mM CaCl2, 50mM NaCl, and 1.8M sorbitol, at an A600 of 1.5. 

Kinetics of spheroplasts swelling was measured essentially as 

described previously (29). Cell osmotic water permeability was 

measured after exposing spheroplasts to hypoosmotic conditions 

(transfer from 1.8mM to 1.2mM sorbitol buffer). Volume changes 

were recorded via light scattering at an angle of 90° and 450nm using 

a fast kinetics instrument (SFM-3000, BioLogic, Claix, France) at 25°C 

with a dead time of 1.5ms. The time course of swelling was measured 

for 3s to 8s at the acquisition rate of one measurement/0.0005s. All 

data presented are averages of 15 to 30 trace recordings. The rate 

constant of the decrease of scattered light intensity is proportional 
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to the water permeability coefficient (9,26). Rate constants were 

calculated by fitting the curves using non-linear regression as 

described by Liu et al. (34). One-exponential functions were used for 

control spheroplasts and two-exponential functions were used for 

AQP8 and its variants expressing spheroplasts. At least two 

independent experiments were performed and gave consistent 

results. 

 

Growth assay with hydrogen peroxide 

For H2O2 growth toxicity assays, S. cerevisiae wild type strain BY4741 

was transformed with pYeDP60u mock vector or pYeDP60u carrying 

indicated AQP8 variant encoding genes. Transformants were 

selected on synthetic medium as described above. The toxicity 

growth assay was performed as described by Bienert et al. (7). 

Transformants were spotted on synthetic medium supplemented 

with different concentrations of H2O2 and galactose instead of 

glucose as a carbon source necessary for the induction of the 

galactose inducible promoter. After 5-9 days of incubation at 30°C, 

differences in growth and survival in the different assays were 

recorded. All yeast growth assays were performed in three 

independent experiments with consistent results. 
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Total Internal Reflection Microscopy (TIRF) 

In TIRF microscopy a thin layer close to the coverslip/sample 

interface is illuminated via a collimated beam impinging on the 

coverslip at an angle of incidence larger than the critical angle. The 

beam is totally reflected and only the evanescent field with a 

penetration depth of approximately 90nm excites the sample in the 

case of a glass-oil interface and an excitation wavelength of 534nm. 

This method is ideal for imaging thin layers, such as the plasma 

membrane of a cell, with minimum background fluorescence, and 

hence allow us to study AQP8 movements from the plasma 

membrane. Briefly, 3x105 HeLa cells stably expressing HaloAQP8 wt, 

were seeded 48h before the experiment and labelled with 2nM 

HaloTag® TMR Direct Ligand for 24h. TIRF images were collected 

every minute for 2h by excitation with a 530nm laser on a Widefield 

Leica SR GSD 3D TIRF (Leica, Wetzlar, Germany) equipped with an 

incubator set at 42°C with controlled CO2 pressure, using a 63X oil‐

immersion lens. Two independent experiments were performed 

leading to identical results. 

 

FACS analyses 

To quantify AQP8 membrane expression by FACS, HeLa cells were 

transiently transfected with a plasmid driving the expression of 
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HaloAQP8 myc-out. 48h later, cells were incubated for 3h at 37°C or 

42°C, detached from plates on ice and counted. 4x105 cells were 

stained with standard 9E10 anti-myc antibodies  followed by 

detection with α-mouse AlexaFluor-488. Non-trasfected cells were 

used as negative control while binding of the TMR Halo ligand was 

used as transfection control. FACS analyses (≥3 experiments) were 

performed in a FACSCanto cytometer and surface expression 

represented using the FCS Express 4 Flow software. 

 

Statistical analyses 

Statistics were calculated either by using the two-sample t-Test for 

independent samples or the one-way ANOVA method for multiple 

samples. When using the latter, the Tukey HSD post-hoc test was 

also applied to find out which groups were significantly different 

from which others.In all cases statistical significance was defined as 

P<0.05 (*), P<0.01 (**) or P<0.001(***). 
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Supplementary data 

Fig. S1. HyPerCyto detects mainly 

H2O2 imported through the plasma 

membrane 

Addition of extracellular catalase 

(CAT, 5000U/ml) after H2O2 expo-

sure causes the rapid reduction of 

HyPerCyto by cytosolic antioxidant 

systems, indicating that continuous entry of exogenous H2O2 is needed to 

sustain re-oxidation of the sensor. These data also indicate that most if not 

all HyPer oxidation depends on exogenously added H2O2. The data 

represent the mean fold changes of the 488/405nm ratio measured by 

confocal laser scanning, plotted against time ± SEM. 

 

Fig. S2. DPI treatment partially 

prevents tunicamycin- and 

hypoxia-induced AQP8 blockade   

Cells were subjected to 

tunicamycin or hypoxic treatment 

with or without 10μM DPI. The 

data were normalized to the uptake of DPI-treated unstressed cells. 

Average of 2 experiments ± SEM. NT, non-treated cells; Ctrl, control; Tun, 

Tunicamycin; Hyp, Hypoxia. 
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Fig. S3. Transport and survival of yeast expressing different human AQP8 

mutants A. Water transport assays in yeasts by stopped-flow spectroscopy 

after a hypotonic shock. Spheroplasts from BY4741wt yeast cells, 

transformed with the mock vector pYeDP60u or pYeDP60u containing the 

indicated hAQP8 versions, were suspended in a 1.8M sorbitol buffer at an 

A600 of 1.5 and mixed in a fast kinetics instrument (SFM3000, Bio-Logic) 

with a hypotonic 1.2M sorbitol buffer of equal volume. Scattered 450nm 

light intensity was measured at 90° and with a photomultiplier connected 

to the PMS 250 control unit. Each line represents the average of 8-19 (left 

panel) or 42 (right panel) sample recordings, respectively. The averaging 

was automatically calculated by the Stopped-Flow Bio-Logic Software Bio-
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Kine32. Data points are shown each 500μsec for 2sec. A representative 

experiment of three (left panel) or two (right panel) independent biological 

replications is displayed. 

B. Yeast growth and survival assay on synthetic medium supplied with 

different concentrations of H2O2. BY4741wt yeast cells, transformed with 

the mock vector pYeDP60u or pYeDP60u containing the indicated hAQP8 

versions, were spotted at an A600 of 2 on medium containing indicated 

concentrations of H2O2. Growth was recorded after 5-8 days at 30°C. All 

growth assays were replicated with consistent results in three independent 

experiments. 

Fig. S4. Inhibition of H2O2 transport is not due to internalization of 

HaloAQP8. A. HeLa cells expressing HaloAQP8 wt were decorated with 

HaloTag® TMR Direct Ligand (in red), cultured at 42°C and 0.5% CO2 and 

recorded by time-lapse TIRF microscopy focusing on the first 90nm from 

the basal membrane. The frames represent snaps at the beginning of the 

experiment or after 2 hours of culture. B. HeLa cells transiently expressing 

HaloAQP8 myc-out were stained with fluorescent anti-myc before (red) or 

after heat stress (blue) and analysed by FACS. Data are represented by 



104 
 
 

overlaying the 647nm signals in control or stress conditions. Cells 

expressing surface AQP8 are labelled as “Myc+ cells”.  

 

Fig. S5. No disulphide 

bonds nor sulphenylation 

are detectable in 

HaloAQP8. A. Western 

blot analyses under 

reducing or non-reducing 

conditions (left and right 

panels, respectively) do 

not reveal changes in the electrophoretic mobility of HaloAQP8 

recombinant protein. The bands stained by anti-Halo correspond to 

HaloAQP8 non-glycosylated (a doublet of approximately 60-62 KDa) or 

glycosylated monomers (~71 KDa) and SDS-insoluble oligomers (~142 KDa). 

B. HeLa cells expressing myc-tagged HaloAQP8 were exposed to increasing 

amounts of H2O2 and treated during lysis in NP40 with a biotinylated probe 

designed to detect sulphenylated proteins (DCP-Bio 1). Aliquots of the 

lysates (WCL) and of the anti-myc immunoprecipitates were then resolved 
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electrophoretically and blotted to detect sulphenylated proteins 

(streptavidin-FITC, top panel) and HaloAQP8 (anti-Halo, lower panel). 

C. HeLa cells expressing myc-tagged wt or C53S HaloAQP8 were heat 

stressed and lysed in the presence of DCP-Bio1 as in panel B. The same blot 

was then decorated with anti-tubulin (lower panel).  

 
Fig. S6. Different sensitivity of wt and C53S AQP8 expressing cells to 

hypoxia A. Cells stably expressing AQP8 wt or C53S were cultured in 

hypoxic conditions (24 h at 1% oxygen), lysed and aliquots of the NP40 

insoluble fraction decorated with anti HIF1 and anti-tubulin antibodies 

(top and bottom panels, respectively). 

B. Measurement of colony area distribution in both AQP8 wt and C53S-

expressing HeLa cells cultured in normoxic or hypoxic conditions for 24h 

and then for further 7 days at 37°C in normoxia. Each dot represents a 

single colony and their area is displayed in mm2. 
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Movie SM1. The expression of a recombinant Halo-tagged AQP8 rescues 

H2O2 transport in silenced HyPerCyto-HeLa cells  

Representative video (n≥3) showing the kinetics of exogenous H2O2 

(50µM) entry into HeLa cells expressing HyPerCyto (ratio in pseudo-colour) 

and transfected with HaloAQP8 wt (white). The scale bar corresponds to 

50μm. 

Movie SM2. DTT pre-treatment rescues H2O2 transport in stressed 

HaloAQP8-positive cells  

In this representative video (n≥3) cells were heat stressed and then treated 

for 5min with 5mM DTT before filming them as in Movie SM1.  

Movie SM3. Gap filling HaloAQP8 wt in control conditions 

Representative video (n≥3) showing the kinetics of gap closure by HeLa 

cells stably expressing HaloAQP8 wt filmed for 24h. The scale bars 

correspond to 200μm. 

Movie SM4. Gap filling HaloAQP8 C53S in control conditions 

Representative video (n≥3), as in SM3, of unstressed HeLa cells stably 

expressing HaloAQP8 C53S. 

Movie SM5. Gap filling HaloAQP8 wt after 3h heat-shock at 42°C  

This representative video (n≥3) clearly shows how heat stress slows down 

gap filling by HeLa cells stably expressing HaloAQP8 wt. See SM3 for details. 

Movie SM6. Gap filling HaloAQP8 C53S after 3h heat-shock at 42°C 

This representative video (n≥3), taken as in SM5, shows faster gap closure 

by heat-stressed HaloAQP8 C53S stable transfectants.  
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Abstract 

AQP8-mediated H2O2 transport allows efficient amplification of 

tyrosine kinase signalling, therefore influencing pathways frequently 

dysregulated under tumour progression. Besides, control of H2O2 cell 

permeability impacts life-death cell decisions in response to stress. 

Despite the important consequences of AQP8 gating, the precise 

biochemical modification that inhibits H2O2 transport still remains to 

be identified. We show here that the mechanism of regulation 

implies sulphydration of AQP8. Addition of an exogenous H2S donor 

(NaHS) is sufficient to block H2O2 entry and dampen EGF receptor 

signalling, mimicking stress. Moreover, cells expressing non-

inhibitable AQP8 mutants (e.g. C53S) are able to transport H2O2 also 

upon H2S-mediated inhibition. Stress-induced blockade of transport 

requires cystathionine-- synthase, a key enzyme in the 

transulphuration pathway. These findings identify a novel circuit 

modulating the strength and duration of key signalling pathways 

based on AQP8 regulation by sulphydration. 
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Introduction 

Cysteine thiols can undergo many modifications (-SS-, -SOH, -SO2H, 

-SNO, -SSH) providing versatile regulatory switches for tuning protein 

activity and stability. Short-lived molecular species such as nitric 

oxide (NO) and hydrogen peroxide (H2O2) have emerged as essential 

endogenously synthesized modulators of these redox-induced 

pathways (1, 2). Recently, an additional gaseous compound, 

hydrogen sulphide (H2S), has been added to the growing list of 

second messengers (3, 4). Long known to be produced by living cells, 

H2S has been involved in various physiological processes, including 

cell viability, synaptic potentiation, blood vessel relaxation, 

platelet aggregation and inflammation (5). In mammals, H2S 

biosynthesis depends mainly on the activity of two pyridoxal 

phosphate-dependent enzymes, cystathionine-β-synthase (CBS) and 

cystathionine-γ-lyase (CSE). Both are key steps in the 

transulphuration pathway converting methionine to cysteine (6). H2S 

released through this pathway reacts with cysteine residues, when 

oxidised (7, 8), in target proteins leading to the formation of 

persulphides (R-S-SH), a process also referred to as sulphydration (3). 

Several reports suggest that both CBS and CSE contribute to maintain 

cellular redox homeostasis (9-11), their levels and/or activity being 
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affected by stress (12-15). Accordingly, H2S can suppress oxidative 

stress and protect from cell death (16, 17), while deficiency of H2S 

promotes cellular aging (18, 19). These observations led to suggest 

that -owing to its reversibility- persulphidation may protect protein 

function from irreversible oxidation (20). Thus, identifying specific 

H2S targets and clarifying their roles are issues of great 

pathophysiological relevance. 

 

Aquaporins (AQPs) are membrane channels that facilitate transport 

of water or other small solutes. AQP8 is an efficient H2O2 transporter 

(21) that can be gated by reversible redox-dependent modifications 

induced by different cellular stresses. Cysteine 53, and to lesser 

extent cysteine 173 were identified as the targets, but the biochemical 

nature of the modification(s) remain to be determined (22).  

 

Considering that stress induces ROS (23-25) and H2S production (26, 

27), we surmised that sulphydration could be the modification that 

reversibly blocks AQP8. Accordingly, we found that addition of 

exogenous H2S is sufficient to block AQP8-dependent H2O2 transport 

and downstream EGF-induced H2O2-mediated signalling. 

Furthermore, silencing of CBS prevents the inhibition. Finally, we 

identified a sequential modification of the C53 residue that appeared 

to be first sulphenylated and then sulphydrated after cell stress. 
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These findings identify a novel molecular mechanism for regulating 

signal intensity during stress, based on the H2S –dependent AQP8 gating. 

 

Results 

Inhibitory effect of H2S on H2O2 cell permeability 

Sodium hydrogen sulphide (NaHS) is utilised commonly as a H2S 

source, because it is stable and much easier to work with than using 

its gaseous forms (28). In solution, NaHS rapidly dissociates to Na+ 

and hydrogen sulphide anion (HS−) and, nearly instantaneously, HS− 

associates with H+ to form H2S (5, 29). This situation leads to a 

dynamic equilibrium at physiological pH in which about two-thirds of 

H2S exists as HS- and one-third as undissociated H2S (5, 30). By 

convention, hereinafter, H2S in the text refers to NaHS addition. 

As a first step to investigate the effect of H2S on H2O2 cell 

permeability, we measured exogenous H2O2 import in HeLa cells 

stably expressing in their cytosol the HyPer H2O2-specific probe 

(HyPerCyto, (31)) using confocal laser scanning. Addition of 50μM 

H2O2 clearly activated the sensor in control conditions, as 

determined by the profound 488/405 nm shifts observed in live cell 

imaging (Fig. 1A, red trace). In contrast, 30 minutes of treatment with 

100M H2S before analysing transport caused a complete block of 
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H2O2 import (Fig. 1A, blue trace), mimicking the results obtained 

under stress conditions (22). H2S-mediated blockade resulted to be 

time-dependent, as shorter incubation periods resulted in partial 

inhibition phenotypes (Supp. Fig. 1A). Dose-response experiments 

showed that H2S caused a decrease in H2O2 transport capacity 

starting at 50µM at 30min with comparable effects at concentrations 

from 100 to 500μM (Supp. Fig. 1B) 

Figure 1. H2S treatment is 
sufficient to block H2O2 
transport and C53 is confirmed 
to be the primary target of the 
inhibition. A. Kinetics of 
HyPerCyto activation in H2S-
treated HeLa cells upon addition 
of exogenous H2O2 reveals an 
impairment of its transport 

though the plasma membrane. Data are shown as mean fold changes of the 
488/405nm ratio measured by confocal laser scanning, plotted against time ± 
standard error of the mean (SEM). Ctrl, control conditions; H2S, Hydrogen 
Sulphide. B. Quantification of H2O2-uptake performed 90 seconds after addition of 
exogenous H2O2 to HyPerCyto-HeLa cells after a treatment of H2S. The 
quantification was done 30-60-90-120-180 minutes in presence or absence of 
cycloheximide after washing the compound to test the capability of cells to recover 
from the inhibition. Data were normalized to the uptake of untreated cells. 
Average of ≥3 experiments ±SEM. NT, untreated cells; CHX, cycloheximide. 
 

H2O2-derived oxidation of the HyPer probe can be efficiently 

counteracted by adding the reducing agent dithiothreitol (DTT) 

during the live acquisition (Fig. 1A, red trace). The treatment indeed 

causes an initial abrupt HyPer reduction, followed by a slower rate 
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of fluorescent signal decrease elicited by the combined action of 

DTT-mediated probe reduction and sensor oxidation by the H2O2 

that is still entering inside the cells. Quenching the remaining 

extracellular H2O2 at the end of the time-course by adding catalase 

causes a different reduction profile, leading to a drastic decrease in 

HyPer signal to basal levels (Suppl. Fig. 1C, red trace). Instead, 

addition of DTT to H2S-inhibited cells caused a transient spike of 

probe oxidation (Fig. 1B, blue trace), implying that, paradoxically, a 

reducing agent, DTT, allowed the entry of an exogenous oxidant, 

H2O2, and further demonstrating HyPer functionality after the H2S 

challenge. The presence of extracellular catalase prevented this 

spike (Suppl. Fig. 1C, blue trace). These findings suggested that H2S 

impedes H2O2 transport across the plasma membrane by creating a 

DTT-sensitive modification(s), as described before for stress 

conditions (22). Moreover, as it was true for stress, H2O2 transport 

inhibition by H2S showed to be time-reversible (Fig. 1B), and 

cicloheximide (CHX) supplementation during the maximum recovery 

time-point (3h) did not abrogate transport restoration, indicating 

that no newly synthesised protein is taking part in the process. 

Having shown before that cysteine 53 (C53) of AQP8 is the main 

target of a redox-mediated modification that inhibits H2O2 transport 

upon cell stress (22), we investigated whether this residue is also 

involved in the H2S-mediated H2O2 transport blockade. Therefore, 
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HeLa HyPerCyto cells were transfected either with wild-type (wt) or 

with a C53S mutant Halo-tagged recombinant protein (see material 

and methods for details) and the uptake of exogenous H2O2 

evaluated before or after a 30min treatment with H2S. Staining using 

fluorescent Halo ligands (32) allowed detection of cells positive for 

the expression of the transgenes, negative cells serving as efficient 

controls. As expected, neither untransfected cells nor wt 

transfectants displayed HyPer oxidation upon exposure to H2O2 

when treated with H2S (Fig. 1C, left panel, blue trace).  

Figure 1C. Kinetics of 
HyPerCyto activation in 
H2S-treated HeLa cells 
transfected with AQP8-
wt or AQP8-C53S upon 
addition of exogenous 
H2O2 confirm that also 
recombinant AQP8 is 
inhibited after H2S 

treatment, while the mutant C53S is almost unaffected by the same treatment. 
Data are shown as in figure 1A. 
 

Remarkably, C53S mutants were resistant to the H2S-driven 

transport inhibition (Fig. 1C, right panel, blue trace), implicating that 

the mechanism hits the same cysteine residue than stress. Moreover, 

DTT addition at the end of the time-course analysis of H2S-treated 

C53S-expressing cells caused a reduction of the HyPer probe similar 

to the one observed in control conditions, while H2S-treated wt-
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expressing cells manifested the transient spike attributed to the 

transient reopening of the channel caused by the reducing agent. 

As one of the main biochemical ways described for H2S modulation 

of protein function is based on its reactivity with cysteine residues, 

these data suggest that AQP8 sulphydration could be the mechanism 

deployed by cells to regulate H2O2 permeability during stress. 

 

Radioactive labelling of AQP8 sulphydration 

Current biochemical protein persulphide detection methods imply 

the biotinylation of the sulphydrated moiety in so-called tag-switch 

assays (33-36). However, using these protocols, we did not achieve 

any AQP8 biotin labelling in conditions that assured that no further 

oxidation events occur in the samples. To overcome this technical 

issue and test the hypothesis of a stress-induced AQP8 sulphydration, 

we employed a radioactive sulphur transfer tracking strategy able to 

detect 35S-persulphide formation. Thus, providing 35S-

Methionine/35S-Cysteine to cells in the presence of a protein 

synthesis inhibitor, will result on labelling of the persulphidated pool 

via the H2S generated during transulphuration of these amino acids 

(Fig. 2A).  
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Figure 2. Dissecting the sulphydration pathway A. Rationale for producing 
radioactive H2S. To radioactive label the transulphuration pathway we incubate 
cells at 37°C (ctrl) or 42°C (stress) in complete medium without cysteines and 
methionines for 30mins then we add CHX for 1h to block proteins synthesis and 
finally we add radioactive labelled cysteines and methionines in presence of CHX. 
Thus, cells were forced to produce radioactive H2S that will be incorporated only 
in proteins that undergo persulfidation.  
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In addition, the covalent persulphides formed will be sensitive to 

DTT-dependent cleavage, allowing discrimination from putative 

background incorporation under reducing conditions.  

Thus, incubation with 35S-Methionine/35S-Cysteine in the presence of 

cycloheximide resulted in great reduction of protein synthesis (Suppl. 

Fig. 2A), forcing cells to incorporate the radioactive sulphur into 

proteins mostly by using the H2S produced via transulphuration of 

these amino acids (Fig. 2B). Persulphide formation was detected by 

non-reducing SDS-PAGE followed by autoradiography and should not 

be present when samples are treated with DTT prior to gel 

electrophoresis. 

As stated before, persulphides are sensitive to reducing agents so 

the covalent 35S persulphided label could be identified by analysing 

immunoprecipitated samples by non-reducing SDS-PAGE followed 

by autoradiography (Fig. 2B). Halo ligand served to control the total 

amount of recombinant immunoprecipitated protein (Suppl. Fig. 2B). 

As expected, a radiolabelled persulphide was formed on AQP8-wt 

protein under stress conditions (lane 2) and this signal was weaker 

in cells expressing AQP8-C53S (lane 4) showing that less radioactive 

sulphur is incorporated during the stress. Importantly, DTT addition 

prior to SDS-PAGE abrogate this difference, excluding that it was 

reflecting differential sulphur incorporation by protein synthesis 

between AQP8-wt and -C53S expressing cells. 
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The radioactive assay as described here demonstrated to be 

sufficiently sensitive to detect the persulphide formation on AQP8, 

though the failure of cycloheximide to reduce protein synthesis to 0 

during the length of the chase (3h) presumably is reflected in the 

dilution of the radioactive signal coming from the transulphuration 

pathway with the background signal of the rest of cysteines and 

methionines labelled by synthesis. 

 

Figure 2B. Cells transfected with HaloAQP8-wt or -C53S mutant were treated as 
described in figure 2A and then lysed. Then, AQP8 was immunoprecipitated using 
anti-Flag beads, loaded on a gel in non-reducing (NR) or reducing (+DTT) and 35S 
signal was measured. The ratio between 35S and Halo-ligand was quantified and 
used as sulphydration index. The C53S 35S/Halo ligand ratio was used as 
background signal. Average of ≥3 experiments ±SEM. 
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C53 is located inside the pore far away from other thiols and thus 

hindering intra- and intermolecular reactions (22). These features 

make sulfenic acid the only plausible oxidative modification to be 

formed under stress. They are transient intermediates generated in 

thiol oxidation pathways. They are unstable and usually react with a 

second thiol to form disulphides. Sulfenilated cysteines can also be 

further oxidised to form sulfinic species, which can be enzymatically-

reduced (37). If the oxidative conditions persist, sulfinic acid evolves 

in sulfonic acid, an irreversible status that completely inactivates the 

protein targeted by this modification. Moreover, sulfenic acid is a 

necessary intermediate for cysteines persulphydation (7, 8) which 

has been reported to be a possible mechanism that cell might exploit 

to prevent further oxidation of sulfenilated cysteines (38). 

Here we hypothesize a two-step inhibition mechanism for AQP8 in 

which are involved an initial sulfenilation which is necessary for the 

following sulphydration (Fig. 2C, right panel). 

We take advantage of DPI, a compound that impairs ROS production 

by inhibiting NOXes and other flavoproteins (39), that is sufficient to 

prevent stress-induced H2O2 transport inhibition (22). Therefore, we 

surmised that if a sulfenilation is the first step in the AQP8 inhibition 

mechanism, DPI can also prevent the H2S-induced channel closure. 

Indeed, a pre-treatment with DPI (3h), completely prevent the 
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inhibition caused by H2S (Fig. 2C) confirming our initial hypothesis in 

which a sulfenilation intermediate is necessary to inhibit AQP8. 

Figure 2C. Quantification of H2O2-uptake performed 90 seconds after addition of 
exogenous H2O2 to HyPerCyto-HeLa cells treated or not with DPI for 3hours before 
and together H2S treatment. Data were normalized to the uptake of the H2S 
untreated samples. Average of ≥3 experiments ±SEM. On the right, schematic 
representation of the two-step reaction that will lead to AQP8 sulphydration. 
 

CBS Contribution 

In mammals, cystathionine -synthase (CBS) catalyses one of the first 

steps of the pathway, performing the condensation of serine and 

homocysteine to cystathionine (40). The second step is the 

hydrolysis of cystathionine to cysteine, ammonia, and α-

ketobutyrate performed by cystathionine γ-synthase (CSE) (6). Both 

reactions generate H2S and allow a coordinated control of cellular 

H2S levels in a complex and overlapping manner. The contribution of 

these enzymes on H2S production has been documented to be affected 

by their expression levels and the availability of substrates (41). 
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Therefore, to understand which role can CBS have in AQP8 inhibition 

mechanism we investigated if these two proteins can interact 

between each other. Thus, we performed a co-immunoprecipitation 

assay with lysates derived from cells overexpressing a flag-tagged 

version of AQP8 (Fig. 3A). As expected, we found that a band 

corresponding to CBS was enriched in the sample where AQP8-flag 

was present (Fig. 3A and S3A). Finally, we validated these results with 

a more functional approach. If CBS has a role in AQP8-sulphydration, 

its downregulation with specific siRNA may prevent stress-induced 

channel inhibition. Hence, we efficiently silenced the expression of 

CBS (Fig. S3B) in HeLa cells stably expressing HyPerCyto and heat-

shocked them (42°C for 3h). In line with our hypothesis, the absence 

of CBS was sufficient to completely prevent the stress-induced H2O2 

transport inhibition. In fact, no difference was found between 

stressed and control cells (Fig. 3B, red and blue traces), also 

suggesting that CSE play a minor role in our cellular model. 

Additionally, stressed cells remain sensitive to the H2S-induced 

inhibition, meaning that the missing CBS activity can be rescued by 

adding exogenous H2S (Fig. 3B, green trace). 

CBS and, in particular, its metabolite H2S have been demonstrated to 

play a major role in the regulation of H2O2 transport in HeLa cells 
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supporting the hypothesis that sulphydration of AQP8 is the 

modification that inhibits the channel. 

Figure 3. involvement of CBS in the inhibition mechanism. A. HeLa cells transiently 
transfected with HaloAQP8mycFlag or Halo, lysed and AQP8 was 
immunoprecipitated with anti-flag beads. B. Kinetics of H2O2 import into HeLa cells 
in which the expression of CBS was silenced heat shocked or not and treated or 
not with H2S. Cells were silenced for CBS expression stressed at 42°C for 3 hours 
and then incubated with (blue trace) or without (green trace trace) 100M H2S for 
30min. Results represent the mean fold changes of the 488/405nm ratio measured 
by confocal laser scanning, plotted against time. Average of ≥3 experiments ±SEM. 
 

 

EGFR-signalling modulation 

Perturbing H2O2 permeability by silencing AQP8 has deep 

consequences on signalling downstream tyrosine kinase receptors 

(21, 42). Thus, we analysed protein tyrosine phosphorylation in cells 

that were either treated with H2S or heat stressed and then 

stimulated with EGF (Fig. 4A). Clearly, both treatments severely 

affected phosphorylation compared with untreated cells (Ctrl). Heat 
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shock caused an increase in the basal level of cell phosphorylation in 

absence of stimulation probably reflecting the inhibition of cellular 

phosphatases caused by the accumulation of intracellular ROS 

produced in response to stress (24, 25). In contrast, the H2S 

treatment did not increase the basal level of tyrosine-

phosphorylated proteins. This phenomenon indicates that the 

overall cellular redox balance was not affected by the short exposure 

with hydrogen sulphide. 

 
 
Figure 4. H2S treatment: impact 
on TKR signalling. Western blot 
analysis with the indicated 
antibodies showing changes in 
phosphorylation of total cell 
tyrosines on whole HeLa cell 
extracts that were left untreated 
or treated with H2S or stressed 
with heat shock before treatment 
with EGF. The intensity of specific 
bands was quantified by 
densitometry and normalized to 
tubulin. Bars show average band 
intensities relative to control cells 
± SEM. 
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These results further confirm the importance of cell H2O2-

transporting capacity for redox homeostasis and cell signalling and 

in particular the paramount role that the regulation of AQP8 plays in 

our cellular model. 

Figure 5. Schematic model of H2O2 generation and transport during signalling.  
Membrane NOX and DuOX enzymes are activated upon tyrosine kinase receptor 
(TKR) engagement to produce H2O2, which enters the cells via AQP8 and amplifies 
downstream signalling. Under stress conditions the DPI-sensitive increase in ROS 
production causes oxidation in C53 which now can be persulfidated by CBS-
produced H2S leading to AQP8 inhibition and, therefore, impairing EGF 
downstream phosphorylation cascade.   
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Discussion 

The control of intracellular redox homeostasis uses a limited number 

of chemical reactions. One of these is sulfur-based chemistry. 

Probably the most important form of H₂S signalling is the 

modification of protein function by a process called S-sulfhydration. 

However, this field of research is at its beginning, and it is still facing 

challenges such as the proper choice of detection method, 

understanding of the mechanism(s) by which persulfidation takes 

place and the actual impact it has on the cellular functions. 

H₂S production has been shown to be closely linked to cellular 

oxidative state as increased level of superoxide/peroxide production 

in cells activates H₂S generation. In fact, situations that lead to 

increased steady state levels of oxidized thiols increase persulphide 

formation. Experiments with cells in culture showed that treatment 

with H2O2 enhanced the formation of persulfides (43), which sustains 

the idea of oxidative stress increasing the persulphided protein pool. 

The steady-state concentration of H₂S is orders of magnitude lower 

than that of glutathione (44, 45), (44, 45), which makes it 

problematic for H2S to compete for the reaction with protein sulfenic 

acids. Despite these difficulties, the high flux of H₂S generation (46), 

its free diffusion (47, 48) and therefore its ability to reach deeper 
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parts of the proteins suggest that the reaction of H₂S with sulfenic 

acids could still be a major source of protein persulphide formation. 

The localization of C53 buried in the AQP8 pore could constitutes the 

perfect target for hydrogen sulphide as it is in a position in which 

reductive elements such as GSH are not able to reach. Instead, H₂S 

will be the perfect modificator as its gaseous nature and its ability to 

freely cross membranes allow it to react with the buried cysteine. 

Thiol oxidation, which initially starts with the formation of sulfenic 

acids (still reversible modification), could proceed further with the 

formation of irreversible sulfonic acids. H₂S could react with sulfenic 

acid preventing this oxidation. In addition, persulphidated protein 

will react faster with ROS/RNS and form an adduct that could be 

cleaved by the action of certain enzymes restoring free thiol. In this 

way, modification to obtain a persulphide cysteine could protect the 

sulfenylation to progress to an irreversible state that will cause cell 

death (38).  

Accordingly, our results indicate a protective role of AQP8 gating, as 

its reversible C53-targeted, CBS-dependent sulphydration will 

represent the perfect switch for cells to choose between cell death 

or restore proliferation. Indeed, C53 sulphydration in mild-oxidative 

stress conditions will allow cells, after the insult, to re-establish cell 

growth by reducing C53, with a mechanism that is still under 

investigation. Instead, in harsher conditions the cysteine residue will 
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be further oxidised leading to an irreversible inhibition of the 

channel, accumulation of intracellular ROS and finally cell death. 

Thus, AQP8 C53 sulphydration appears to have a dual role in cells, 

from one side it can finely tune AQP8 functionality impacting on cell 

signalling, on the other hand, in stress conditions, represents an 

important mechanism that cells can exploit to decide whether to live 

or die, depending on the duration and the strength of the insult. 

Therefore, the control of H2O2 fluxes can became a new tool to take 

advantage to manipulate cell fate. In fact, promoting them will fuel 

cell growth while imparing them will cause growth arrest and finally 

cell death. As indicated by these important consequences, AQP8-

mediated H2O2 transport and its regulation deserve even more 

attention and efforts to understand, for instance, how AQP8 

functionality is restored and which are the precise molecular players 

that regulate it. 
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Material and Methods 

Cell culture 

HeLa cells were cultured in DMEM+Glutamax™-I medium (Life 

Technologies, Carlsbad, CA, U.S.A.) supplemented with 10% fetal 

bovine serum (FBS, EuroClone, Pero, Italy) and 5mg/ml penicillin- 

streptomycin (Lonza, Basel, Switzerland).  

 

Plasmids, siRNAs and transfection procedures 

The plasmid for expression of the HyPer probe targeted to the 

cytosol (HyPerCyto) was a generous gift of Dr. V. Belousov (IBCh, 

Moscow, Russian Federation), while silencing‐ resistant Halo‐

AQP8 wt and C53S plasmids were generated as previously described 

(21). The flag-tagged HaloAQP8 was generated in two steps, first by 

cutting the AQP8 fragment from AQP8-GFP plasmid from Origene 

(RG219668) and inserting it in place of AQP11 in the AQP11mycFlag 

vector (Origene, RC 208083). The second step was to excide the 

fragment AQP8mycFlag from the previously generated vector and 

insert it in the construct HaloAQP8 (21) exchanging it with AQP8, 

thus generating HaloAQP8mycFlag plasmid. 
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The CBS-specific siRNA oligonucleotide (5 ’ -CTCACATCCTAGACC-

AGTA-3 ’) and an unrelated control (Block‐ it™) were purchased 

from Ambion (Life Technologies, Carlsbad, CA, U.S.A.) and their 

efficiency monitored by WB.  

For silencing experiments, 8x104 HyperCyto-expressing HeLa stable 

transfectants (see below) were grown overnight in 6-well plates and 

transfected with 30pmol of siRNA, using RNAiMAX lipofectamin 

(Invitrogen, Carlsbad, CA, U.S.A.), according to the manufacturer 

instructions. Cells were analysed for efficient silencing and used after 

48h of transfection.  

For experiments in which AQP8 was transiently overexpressed using 

HaloAQP8-wt or C53S recombinant proteins, cells were transfected 

by JET-PEI (Polyplus-transfection, Illkirch, France), according to the 

manufacturer instructions, and cultured for 48h before imaging or 

biochemical analyses.  

 

Reagents and treatments 

NaHS was purchased from Sigma prepared freshly for each 

experiment and used at the final concentrations of 100μM or 500μM 

for 30min for untrasfected or AQP8-overexpressing cells, 

respectively. Briefly, a stock solution of NaHS was prepared by 
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dissolving it in distilled water, then it was diluted 5000 times and 

incubated with 1mM DTNB (Sigma) for 1-2 minutes to exactly 

estimate H2S concentration. A yellow product will be obtained and 

its absorbance will be read at a spectrophotometer set at 412nm and 

the actual concentration of H2S will be calculated with this formula: 

[ ] =  ∗ ∗ [ ] 

Extracellular catalase, epidermal growth factor (EGF), 

diphenyleneiodonium (DPI), dithiothreitol (DTT), hydrogen peroxide 

(H2O2) and cycloheximide were all purchased from Sigma. 

Heat-shock treatment was performed by putting the plates for 3 

hours in a water bath set at 42°C.  

H2S treatment was performed by washing cells twice to remove all 

the serum from cells to avoid that serum proteins quench it. Then 

H2S was added for 30 minutes at room temperature in ringer buffer 

for microscopy experiment and in DMEM with no serum for 

biochemical assays. Finally, H2S was washed twice before analysing 

the cells. 

 

Imaging HyPer‐oxidation 

To perform confocal live imaging experiments, 8x104 HyperCyto-

expressing HeLa cells were silenced and/or transfected on glass‐
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coverslips as described above. To identify HaloAQP8‐expressing 

cells, 2nM HaloTag® TMR Direct Ligand was added 24h after 

transfection. After 24h of culture with the fluorescent ligand, cells on 

coverslips were equilibrated in Ringer Buffer (RB: 140mM NaCl, 2mM 

CaCl2, 1mM MgSO4, 1.5mM K2HPO4, 10mM Glucose, pH 7.3) for 

10min at room temperature (RT) prior to addition of 50µM of H2O2, 

freshly prepared in RB. Cells were treated for 30min in RB with 

100M H2S as described above with or without a pre-incubation of 3 

hours with 10M DPI, washed twice and analysed. Otherwise, cells, 

silenced or not for the expression of CBS, were heat-shocked for 

3hours at 42°C and treated or not with 100M H2S, washed twice 

and analysed. A higher dose of H2S was used when AQP8 transient 

overexpression was performed, to be sure to reach the maximum 

inhibitory effect. When indicated, extracellular catalase was added 

at a final concentration of 5000U/ml.  

Confocal images were collected every 2sec for 5min or more by dual 

excitation with a 488nm argon and a 405nm violet diode lasers. We 

used an Ultraview confocal laser-scanning microscope equipped 

with a 40X oil‐immersion lens (Perkin Elmer, Waltham, MA). The 

488/405nm ratios were calculated by ImageJ software for ≥25 cells, 

averaged, and showed as mean fold change ratio plotted against 

time ±SEM. Moreover, to facilitate quantification and statistical 
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analyses, we averaged the data obtained after 90 seconds from H2O2 

addition in the time-course experiments performed, and 

represented them as the percentage of H2O2 transport in H2S treated 

cells relative to the corresponding untreated cells. At least three 

independent experiments were performed for each condition, 

except for in which two different experiments gave almost identical 

results. 

 

Antibodies and western blotting 

Primary antibodies anti-CBS, anti-phosphotyrosine Antibody, clone 

4G10® were purchased from Merck-Millipore (Darmstadt, 

Germania). Mouse anti-tubulin and anti-flag M2 affinity gel was from 

Sigma. Secondary antibodies α-rabbit AlexaFluor-488 or -AlexaFluor-

647, were purchased from Invitrogen.  

Images were acquired using a Typhoon FLA-9000 (GE HealthCare, 

Little Chalfont, U.K.), processed with ImageJ and densitometrically 

quantified when indicated by ImageQuant TL software (GE 

HealthCare, Little Chalfont, UK) ±SEM. 

To follow EGF responses biochemically, sub-confluent HeLa cells 

were cultured in FCS-free DMEM for 3h before incubation with or 

without H2S or at 42°C before EGF addition. Cells were then washed 

with ice-cold PBS containing 0.4mM Na3VO4 to block phosphatases 
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lysed in RIPA (0.1% SDS, 1% NP40, 150mM NaCl, 50mM Tris-HCl pH 

7.4) supplemented with proteases inhibitors (Roche), 0.4mM Na3VO4, 

10mM NEM and 10mM NaF and analyzed by electrophoresis and 

western blot.  

  

Co-Immunoprecipitation 

HeLa cells transfected with HaloAQP8mycFlag were lysed in RIPA 

buffer. Cell lysates in RIPA buffer were immunoprecipitated with 

anti-flag beads. Immune-complexes were electrophoresed in SDS-

polyacrylamide gel, transferred to a nitrocellulose membrane and 

were immunoblotted with anti-CBS antibody. 

 

Radioactive sulphydration assay 

Cells transfected with HaloAQP8mycFlag wt or C53S, were seeded in 

6cm dishes at 2.5*106 cells/dish and incubated over-night in the 

presence of 30nM TMR-direct Halo ligand (Promega). Cells were-pre-

incubated for 30 min in methionine/cysteine-free DMEM 

supplemented with 1% dialyzed fetal bovine serum at 37°C, followed 

by further 60min in the same conditions but in the presence of 

0.5mM CHX. Cells were then labelled for 3hrs with 0.22mCi/mL 

[35S]cys/met (EasyTag, Perkin Elmer) at either 37°C (ctrl) or 42°C 

(stress), in the continuous presence of 0.5mM CHX. Cells were then 
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washed in ice cold PBS and lysed in RIPA buffer containing 1mM NEM, 

protease and phosphatase inhibitors. AQP8 was immune-

precipitated with anti-flag M2 affinity gel (Sigma #A2220) and then 

analysed on 3-8% Tris-Acetate NuPAGE gel (Novex). Signal from 

TMR-direct Halo ligand, which labels all AQP8 present at the start of 

the radioactive labelling, acted as convenient loading control. Under 

these labelling conditions we expect most of the radioactivity to be 

incorporated into the proteins via the sulphydration pathway, since 

protein synthesis is shut down. However, due to the prolonged 

labelling, we could not completely abolish amino acid incorporation. 

To account for this, samples were denatured in the presence of 

200mM DTT before analysis by SDS-PAGE, as DTT will get rid of 

sulphydrated groups but not of incorporated amino acids. The 

difference between the signal in non-reduced and reduced 

conditions represent the extent of sulphydration that has occurred 

in the 3hrs labelling. 

 

Statistical analyses 

Statistics were calculated either by using the two-sample t-Test for 

independent samples or the one-way ANOVA method for multiple 

samples. When using the latter, the Tukey HSD post-hoc test was 

also applied to find out which groups were significantly different 
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from which others. In all cases, statistical significance was defined as 

P<0.05 (*), P<0.01 (**) or P<0.001(***). 
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Supplementary figures 

 
Figure 1. A. Time course of H2S inhibition in HeLa cells stably expressing HyPerCyto. 
Quantification of H2O2-uptake performed 90 seconds after addition of exogenous 
H2O2 to HyPerCyto-HeLa cells after a treatment of H2S at different time points. Data 
were normalized to the uptake of control cells. Average of ≥3 experiments ±SEM. 
B. Titration of H2S concentration in HeLa cells stably expressing HyPerCyto. The 
quantification is performed as in supplementary figure 1B. C. Kinetics of HyPerCyto 
activation in H2S-treated HeLa cells upon addition of exogenous H2O2. Catalase was 
added 1 minute before DTT addition to prove that the exogenously added H2O2 
was responsible of the HyPer activation detectable after DTT addition (Fig.1A, blue 
trace). Data are shown as mean fold changes of the 488/405nm ratio measured by 
confocal laser scanning, plotted against time ± standard error of the mean (SEM). 
Ctrl, control conditions; H2S, Hydrogen Sulphide; CAT, extracellular catalase. 
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Figure 2 A. Radioactive sulphur 
incorporation. Cells transfected with 
flag-tagged version of AQP8 were 
treated as described in Fig. 2A-B with 
or without CHX to assess the strength 
of its inhibition. B. Halo-ligand signal in 
reducing or non-reducing conditions 
used to compare the total levels of 
HaloAQP8-wt or -C53.  

 

Figure 3 A. Quantification of the signals of the band corresponding to CBS (Fig. 3A) 
in cell expressing or not a flagged version of AQP8. B. Representative blot and its 
quantification showing the efficacy of CBS silencing in HeLa cells transfected with 
specific siRNA against that transcript. 
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Chapter 4: Conclusions 
 

Summary  

In these past three years, we were able to demonstrate that 

regulation of AQP8-mediated H2O2 transport plays a crucial role in 

cell life-death decisions when subjected to different stresses. In fact, 

a mutation in a particular AQP8 cysteine residue confers HeLa cells 

growth advantages under those conditions in comparison to cells 

expressing the wt protein. Moreover, I determined, for the first time, 

that AQP8 can be gated by a two-step mechanism, and the relevance 

of the protein CBS in the process. Upon stress, AQP8 cysteine 53, in 

order to be inhibited, must be first oxidised by a DPI-sensitive 

enzyme(s) then CBS-produced H2S will sulphydrate this residue 

causing channel closure. Since ROS, and in particular H2O2, have a 

very important role in cancer onset and progression, the inhibition 

of AQP8 could be an advantageous tool to slow-down cancer cells 

growth. Besides, finding other proteins that collaborate with CBS in 

AQP8 regulation, will increase the number of targets that could be 

exploited in cancer therapy. 
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Discussion and Future perspective 

My PhD. project was initially conceived to investigate the role of 

H2O2-transporting capacity of AQP8 in MM, since increasing 

evidence pointed to a relevant and innovative role of ROS in this 

particular type of cancer (1-4). At the time, we started to get into the 

project, we realized that the scope of this thesis might have wider 

implications as the regulation of ROS fluxes showed to be relevant 

also for other cancer types.  

As described above, a delicate redox balance is a feature of many 

cancers (5, 6) and thus the regulation of redox homeostasis could be 

used to treat the disease from a new approach. Indeed, many 

treatments against cancer are known to generate intracellular ROS 

(chemotherapeutics, such as arsenic trioxide, cisplatin, and 

radiotherapies) (7, 8) but their efficacy has been proved to be far 

from satisfactory for still unknown reasons. Therefore, it is important 

to understand which are these mechanisms and how to circumvent 

them to improve the efficacy of these ROS-generating therapeutic 

drugs. 

Our hypothesis is that direct or indirect AQP8 modulation may be a 

tool that may increase chemotherapy effectiveness and avoid cancer 

progression. Thus, from one side, the sulphydration-mediated 
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closure of AQP8 will further increase the intracellular level of ROS, as 

it hampers their transport to the extracellular space therefore 

limiting damage. Moreover, gating also inhibits the entry of NOX-

derived H2O2 thus impairing its growth-promoting effects. This new 

redox-homeostasis should increase therapeutics effects by impeding 

cancer cells to buffer the excess of ROS and inhibiting the uptake of 

growth-promoting ones.   

The results obtained during this PhD will predict that the use of 

specific AQPs inhibitors might be a good method to block AQPs 

function. Although it is a very attractive possibility, so far the 

application of the already described compounds is still limited (9). 

Indeed, finding a good inhibitor with specificity limited to a particular 

isoform is quite challenging, probably because all the members of 

this family of proteins have a very similar structure (10). It is 

expectable that molecules with high AQPs selectivity and specificity 

of action will be hard to find. 

A hypothesis that will allow to translate the findings presented in this 

PhD project into cancer therapy will rely instead on the indirect 

regulation of AQP8 function by forcing its inhibition in cancer cells.  

In order to survive, tumours must rapidly adapt to the endemic stress 

in which they live. In this sense, one of the adaptation mechanisms 

tumours frequently deploy is to upregulate their antioxidant capacity 

(11, 12). This characteristic leaves them predisposed to suffer more 
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when a second “redox-insult” is applied, compared to their normal 

counterparts. Having demonstrated that AQP8 sulphydration to 

occur need a first oxidation step, it is tempting to speculate that 

tumour cells prevent AQP8 inhibition because of their upregulated 

antioxidant defences. In that view, AQP8 cysteine 53 residue, that 

lays inside the pore and it is the main target of the inhibition 

machinery, would be kept in a non-sulphydratable state, hampering 

the channel closure.  

The overall result of keeping AQP8 in a chronical open conformation 

is that cancer cells will obtain a growth advantage under stress 

conditions compared to surrounding cells. Thus, indicating that a 

functional redoxtat is fundamental for the maintenance of 

physiological signalling. 

Therefore, we can speculate that shifting redox homeostasis towards 

a more oxidising balance would recover AQP8 inhibition mechanism, 

driving tumour cells to apoptosis as described in the second chapter 

of this thesis. In comparison with the design of specific inhibitors, this 

strategy has many advantages, since it can be directed towards to 

two different objectives. As the goal is to force AQP8 inhibition by 

increasing intrinsic cancer oxidative stress we can imagine a possible 

therapy based on decreasing antioxidant defences (12) in 

combination with the standard chemotherapy directed to increase 

intracellular ROS levels. Thus, we would be able to restore AQP8 
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closure, block the channel and finally drive cancer cells to ROS-

induced apoptosis. Nonetheless, a possible pitfall in this strategy 

would be that antioxidant defences must not be completely ablated, 

otherwise redox-influenced signalling will be abrogated and all cells 

will suffer because of the treatment. Therefore, antioxidants level 

must be maintained to a certain threshold causing damage mostly to 

cancer cells taking advantage of the wider therapeutically window 

opened up by their intrinsic level of stress. 

Having so far described the basis of AQP8 inhibition mechanism, the 

new scope of the study will be to unveil the molecular pathway 

leading to its closure, and the mechanisms the cell uses to reopen 

the channel. We have demonstrated that CBS-produced H2S 

sulphydrates AQP8 but we did not found yet the source(s) 

responsible of the initial oxidation step in cysteine 53.  Finding out 

the molecular identity of this (these) enzyme(s), and other AQP8-

interactors, would add another layer of regulation to the inhibition 

process and render channel activity even more modulable, thus 

increasing its importance as a mean to impact cancer therapy. So far 

the AQP8 interactome has been poorly investigated, as reported on 

the web-tool String (https://string-db.org/). In fact, no experimental 

data has been retrieved to support any of the described interactions. 

Deeper and systematic investigation must be carried out, using for 
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example a mass-spectrometry approach, to determine the truth of 

AQP8 interactions. 

Another interesting question to be investigated in the future could 

be whether the stress-induced inhibition mechanism that we 

defined for AQP8 (or a similar one) is also present in AQP3 and AQP9, 

the other two already described H2O2-transporting AQPs. These two 

AQPs have been shown to be implicated in different type of tumours, 

particularly in cells migration and cancer development (13-15). The 

reason under our hypothesis that a similar regulation controls also 

these two AQPs is that, the main target of the inhibition mechanism 

here described (cysteine 53), is conserved also in these H2O2-

transporting AQPs while absent in the rest of the members of the 

family (16, 17). If our hypothesis is confirmed and considering the 

importance of AQP3 and 9 in cancer, they will represent druggable 

targets also in those systems where AQP8 is absent or the effects of 

its inhibition are counteracted by compensatory mechanisms.  

Thus, our final goal is to investigate if AQPs regulation occurs also in 

primary cells derived from MM patients: this would demonstrate 

that our findings could indeed represent a new promising path for 

the improvement of cancer therapy. 
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